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Chapter 1. Introduction 
1.1 Background of amide synthesis 
 Amide bonds are not only the key chemical connections of proteins but they are also the basis for some versatile and 
widely used synthetic polymers.[1] Conventional amide bond formation utilizes acids and amines as coupling partners and 
relies on stoichiometric activating agents for the acid functionality. (Scheme 1a) [2] Recently, some surrogate reagents and 
chemical ligands are used in amide and peptide formation. (Scheme 1b)[2] Isonitriles have been shown to react with 
carboxylic acids to generate amides under high temperature and microwave conditions, but the harsh reaction conditions 
and the restricted functional group tolerance to some extent limits the application of this reaction for sensitive peptides or 
biomolecules.[3] Isocyanates have also been used to react with thioacids to produce amide linkages.[4] The Staudinger-type 
of carboxylic acid derivatives with azides has become a preeminent strategy for amide and peptide formation.[5] However, 
the generation of stoichiometric by-products (e.g., R3P=O) often complicates efforts to isolate products, leads to waste 
disposal issues, and limits the overall synthetic efficiency of this method. Ketoacid-hydoxyl amines are also used to 
generate an amide group in aqueous conditions without coupling reagents.[6] But simple and efficient ways to synthesize 
this -ketoacid–hydroxylamine ligation are still desirable. In addition, there are some atypical cases of forming reactive 
N-acylating species in an catalytic, manner from alcohols,[7] aldehydes,[8,9] and alkyne precursors.[10](Scheme 1c) The poor 
substrate scope of this catalytic/oxidative method limits its wide use in complex amide and peptide formation. 
 
Scheme 1. Previous report about amide synthesis. 
1.2 Umpolung amide synthesis 
Notably, pre-synthesized -bromo substituted nitroalkanes have been oxidized with N-iodosuccinamide (NIS) and 
molecular oxygen in the presence of amines.[11] To account for the apparent umpolung in reactivity of the amine components, 
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the intermediacy of electrophilic N-iodo amines and tetrahedral -amino, -bromo nitroalkanes were suggested.[11,12] From 
a synthetic point of view, however, methods to achieve direct asymmetric access to -bromo nitroalkanes are limited in 
substrate scope[13] and bromonitroalkanes themselves are potentially explosive.[8] Comparing with bromonitroalkane, there 
are a wide variety of catalytic asymmetric methods that adopt nitromethane as a simple, cheap pro-nucleophile to add to 
both alkyl and aryl aldehydes, imines, enals, enones, and so forth.[13] In this thesis, my interest was to exploit these readily 
available primary nitroalkane substrates and develop a direct oxidative method to form amide and peptide bonds in a most 
economical and practical manner. 
 
Scheme 2. Umpolung amide synthesis using -bromonitroalkane and amine  
1.3 Previous work and our initial design 
 
Scheme 3. Metal free Nef reaction and proposed mechanism 
In 2013, our group discovered a base-promoted Nef conversion of a key nitroalkene into an enone product under aerobic 
conditions during the study of the total synthesis of prostaglandin A1 and E1 methyl esters[14]. After that, our group extended 
this oxidative transformation to a wide range of nitroalkenes and nitroalkanes to produce enones and ketones, respectively 
(Eq. 1).[15] Mechanistic insights were gained from [18]O-labeling, nitrite/nitrate ion analysis, intramolecular thioether 
trapping, and radical clock experiments. In short, the formation of ketones from secondary-alkylated nitroalkanes was 
shown to be consistent with a single-electron transfer (SET) mechanism from a charged aci-nitronate electron donor to a 
triplet dioxygen molecule to afford an eventual dioxirane adduct after expelling a nitrite anion. The dioxirane subsequently 
acts as an electrophilic source of mono-oxygen[16] that can be captured by another nitronate anion in the surrounding basic 
medium. 
On the basis of these recent mechanistic findings, (Eq. 1)[14] we reasoned that secondary -amino nitroalkanes could be 
formed in situ by reacting primary nitronates with electrophilic N-halo amines (Eq. 2). These would be similarly oxidized 
with oxygen to afford peroxy-adducts bearing amine groups and eventually transform into amides. At this juncture, among 
other mechanistic concerns, it was not certain whether the formation and reaction of N-iodo amines could be achieved in 
situ and thereby generate the requisite -amino nitroalkane intermediates (Eq. 2). This was given credence during our 
6
literature search by the suggestion of N-iodo amine and -amino nitroalkane intermediates being reported in a series of 
oxidative umpolung amide synthesis (UmAS) studies in scheme 2.  
 
1.4 Present work 
In Chapter 2, a direct oxidative method was developed to make amide and peptide bonds between amines and widely 
available primary nitroalkanes simply by using I2 and K2CO3 under O2. (Eq. 3) 
 
In Chapter 3, during mechanistic study, I observed and isolated -iodonitroalkane intermediates, which further react 
with an iodium source to form ,-diiodonitroalkanes; this ,-diiodo nitroalkane can then directly react with an amine 
to give the amide or peptide product. (Eq. 4) 
 
In chapter 4, during mechanistic studies, I identified the ,-diiodonitroalkane compound as the key intermediate. I 
identified I– is an efficient autocatalyst for active ester formation from ,-diiodonitroalkanes; the active ester can then 
reacts with amine or MeOH to give amide or ester. (Eq. 5) 
 
In chapter 5, an efficient method for amide and peptide formation between readily available 1,1-dicyanoalkanes and 
amines was realized simply with molecular oxygen and a carbonate base. This oxidative protocol can be applied to both 
sterically and electronically challenging substrates in a highly chemoselective, practical, and rapid manner. (Eq. 6) 
 
In chapter 6, I observed and isolated a halogen bonded complex between NIS and allyalamine during mechanistic studies 
of amide formation from primary nitroalkanes using NIS and amine. I further found stable halogen bonded complexes 
between qunuclidine and NBS/NIS; these complexes are very stable, which show lower reactivity for halo-
cycloetherification, but once acid was added, the reactivity improved dramatically. (Scheme 4) 
7
 Scheme 4. Halogen bonded complex between NIS/NBS and amine. 
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Chapter 2. Oxidative Amidation of Nitroalkane with Amine Nucleophiles using Molecular O2 
and Iodine 
2.1 Background 
Nitro compounds are widely available in synthetic chemistry. Especially there are a wide variety of catalytic asymmetric 
methods that adopt nitromethane as a simple, cheap nucleophile to add imines via Aza-Henry reaction. (Eq. 1)[1] The 
conversion of primary nitroalkanes into carbonyl compounds is one of the most important process in organic synthesis. 
Especially the transformation of primary nitroalkane to aldehyde and carboxylic acid has been widely developed. [2] The 
synthesis of an amide from a primary nitroalkane and amine is still rare. The most common approach firstly prepares -
sulfonylnitroalkanesor-bromonitroalkanes from primary nitroalkane using an oxidative method. -Sulfonylnitroalkanes 
further reacts with amine using base and a strong oxidative reagent to afford amide (eg. DMDO or O3). (Eq. 2) [2] Pre-
formed -bromonitroalkanes further reacts with an electrophilic amine to afford the amide. (Eq. 3)[3] In this chapter, our 
interest was to exploit these readily available primary nitroalkane substrates and develop a direct oxidative method to form 
amide and peptide bonds in a most economical and practical manner. 
 
Scheme 1. Previous methods for amide formation from primary nitroalkane 
2.2 Initial design for this work 
 
Scheme 2. Initial proposal for oxidative amidation from primary nitroalkane. 
Recently, our group discovered an oxidative transformation of a wide range of nitroalkenes and nitroalkanes to produce 
enones and ketones, respectively (Eq. 4).[4] Mechanistic insights indicated the formation of ketones from secondary -
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alkylated nitroalkanes was consistent with a single-electron transfer (SET) mechanism from a charged aci-nitronate 
electron donor to a triplet dioxygen molecule to afford an eventual dioxirane adduct after expelling a nitrite anion. The 
dioxirane subsequently acts as an electrophilic source of mono-oxygen that can be captured by another nitronate anion in 
the surrounding basic medium. On the basis of these recent mechanistic findings (Eq. 4), we reasoned that secondary -
amino nitroalkanes could be formed in situ by reacting primary nitronates with electrophilic N-halo amines (Eq. 5). These 
would be similarly oxidized with oxygen to afford peroxy-adducts bearing amine groups and eventually transformed into 
amides. There was credence for this idea by the suggestion of N-iodo amine and -amino nitroalkane intermediates being 
reported in a series of oxidative umpolung amide synthesis (UmAS) studies.[3] 
2.3 Optimization of reaction conditions  
In order to check the intial design, we first elected to pursue the base-promoted oxidative coupling of the racemic 
nitroalkane 2-1 with the hydrochloride salt of (S)-phenylalanine methyl ester 2-2 and NIS in acetonitrile (Table 1). In the 
first instance, the base was varied (entries 1-7). This quickly demonstrated K2CO3 (entry 4) to be superior to weaker bases 
like NaOAc, which gave the -iodo nitroalkane 2-4 (entry 1). Stronger bases like Cs2CO3 and K3PO4 gave slightly lower 
yields of the dipeptide product 2-3 (entries 5 and 6). Soluble bases like DBU were also found inferior to K2CO3 (cf. entries 
4 and 7), but both conditions resulted in significant amounts of the carboxylic acid 2-5 (30-50% yields). The use of less 
electrophilic N-halosuccinamides did not improve the result and-dichloro nitroalkanes 2-6 (X= Cl) was isolated in one 
case (entries 8 and 9). A change in the solvent system with NIS and adopting two equivalents of the free amine of 2-2 
proved more successful (entries 10 to 17). In particular, the use of molecular I2 or NIS at room temperature afforded optimal 
yields of dipeptide 2-3 (67%; entry 18). Generation of the carboxylic side-product 2-5 (15-25%) could not be avoided even 
under strictly anhydrous conditions. In practice, there was no benefit to using especially dried glassware or super-dry 
solvents.  
Table 1. Optimization of Oxidative Peptide Formation.a 
 
Entry Base  X+ Solvent (t, h) 2-3 2-4 2-5 
1  NaOAc  NIS  CH3CN (5) - 5 - 
2  KOAc  NIS CH3CN (5)  20 - - 
3  Na2CO3  NIS CH3CN (15) 5 - - 
4  K2CO3  NIS CH3CN (3) 49 - 30 
5  Cs2CO3  NIS  CH3CN (2) 30 - - 
6 K3PO4 NIS CH3CN (3) 42 - - 
7  DBU NIS CH3CN (12) 30 - 50 
8  K2CO3 NBS CH3CN (12) 20 - - 
11
9 K2CO3 NCS CH3CN (12)  - - [b] - 
10[c] K2CO3  NIS CH3CN (2.5) 51 - - 
11[c] K2CO3 NIS THF (7.5) 51 - - 
12[c] K2CO3  NIS PhCH3 (48) 15 - 60 
13[c] K2CO3  NIS DMSO (48) 15 - 30 
14[c,d] K2CO3 NIS 1:1 media (12) 59 - 30 
15[c,e] K2CO3 I2 1:1 media (4) 67 - 25 
[a] Unless noted otherwise, all reactions were conducted with nitroalkane 1 [0.2 mmol], amine·HCl salt 2-2 [0.2 mmol], base [0.6 mmol], 
halonium (X+) source [0.2 mmol] at 0 °C in solvent [2 mL] under O2 [1 atmosphere] and isolated yields (%) are given. [b] Dichlorinated 
nitroalkane 2-6 (X = Cl) was isolated in 10% yield. [c] For entries 10 to 17, two equivalents of the free amine 2-2 [0.4 mmol] and base 
[0.4 mmol] were used. [d] 1:1 toluene/THF mixture was used. [e] Reaction performed at room temperature with free amine 2-2 [0.4 
mmol] and base [0.4 mmol]; a similar result was obtained with NIS [0.2 mmol] over 12 h. 
2.4 Substrate scope 
 
Scheme 3. Oxidative amidation of nonchiral nitroalkanes using NIS/O2. 
First, we used nonchiral nitroalkanes to react with different amines to investigate the scope of the oxidative amidation 
method (Scheme 3). We found when unsaturated amines were used (eg. allylamine alkynylamine, N-Methylbenzylamine), 
NIS give better result, as I2 can quickly react with unsaturated amine to give some side product (I2 addition to double bond 
or triple bond). For diethylamine, t-butylamine and (S)-phenylalanine methyl ester, both NIS and I2 gave good results. Next 
we decided to use NIS for the substrate scope study. Unsaturated functionality such as benzyl, allyl, and alkynyl groups 
remained unreacted, and the amidation method also tolerated unprotected hydroxyl groups (2-9, 2-11g). In addition, 
diethylamine and t-butylamine still works very well to give the desired amide. Furthermore, the desired amide was obtained 
in moderate yield and no epimerization when L-phenylalanine methyl ester was used. 
12
 Scheme 4. Synthesis of chiral primary nitroalkanes. 
We next focused the reaction of chiral nitroalkane (R)-2-1 with amino acids in order to generate dipeptides. First, the 
chiral (R)-2-1 was prepared via an aza-Henry reaction from readily available nitromethane and imine using phase transfer 
catalysis. (Eq. 8). Next, different amino acid esters were used to react with chiral nitroalkane (R)-2-1. Here, the reaction 
was performed with I2 instead of NIS in 1:1 THF/toluene (Eq. 10), because NIS can react with amine to afford a less soluble 
halogen bonded complex in 1:1 THF/toluene. In addition, I2 is much cheaper and more convenient than NIS. In fact, the 
dipeptide and tripeptide products (2-3, 2-12) were produced with complete stereochemical integrity. No epimerization of 
potentially labile -stereocenters was observed. Further extension of this transformation was applied to chiral nitroalkyl 
Michael adducts 2-13, which can be easily prepared in high enantioslectivity from chiral nitroalkanes via the asymmetric 
organocatalyzed Michael reaction between nitromethane and -enals, as developed by our group. (Eq. 9) The same 
tolerances were found for readily prepared, chiral nitroalkyl Michael adducts (2-132-14, Eq. 11) and standard protecting 
groups (e.g., O-tBu, N-Tr, N-Cbz, N-Boc) were also found compatible.  
 
Scheme 5. Peptide formation using I2/O2. 
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 Scheme 6. Oxidative amidation using I2/O2. 
2.5 Conclusion 
In this chapter, a direct oxidative method was developed to make amide and peptide bonds between amines and widely 
available primary nitroalkanes simply by using I2 and K2CO3 under O2. The method is straightforward in operation, 
chemoselective in functional group tolerance, and stereochemically robust to potentially epimerizable substrates. 
Importantly, a whole range of primary nitroalkane starting materials for our reaction method can be readily prepared in 
chiral form via a plethora of asymmetric methods. 
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Chapter 3. Mechanism of Oxidative Amidation of Nitroalkanes with Oxygen and Amine 
Nucleophiles by Using Electrophilic Iodine 
3.1 Background 
In 2010, the Johnston group developed the oxidative amidation between -bromonitroalkanes and an amine using NIS 
and this reaction is termed umpolung amide synthesis (UmAS).[1] The method centers on -bromo substituted nitroalkanes 
3-1' reacting with electrophilic N-iodo amines 3-2' (in situ generated with NIS) to form reactive tetrahedral -amino, -
bromo nitroalkanes 3-3' (Scheme 1). This proposed tetrahedral intermediate 3-3' couples with molecular oxygen in a 
homogenic manner to eventually form the amide product 3-4 (Eq. 1).[1,2]   
 
Scheme 1. Umpolung amide synthesis (UmAS) 
Our initial reaction design was based on our mechanistic finding of the Nef reaction.[3] We thought an -
aminonitroalkane 3-3 can be easily generated via electrophilic iodo-amine 3-2’ reacting with aci-nitronate anion of 3-1, 
the -aminonitroalkane intermediate 3-3 can be further oxidized by O2 to give amide 4.[3] (Scheme 2) However, all attempts 
to prepare, infer, or observe the anticipated N-iodo amines 3-2’,[1] were not confirmed in our hands. Instead, we discovered 
through NMR experiments that allylamine readily react with NIS to form precipitates, which behave chemically as sources 
of electrophilic iodine and nucleophilic amine. Eventually, we were able to obtain a single crystal and the structure of 
allylamine/NIS complex 3-2 by X-ray crystallography. (Eq. 3) The isolation of NIS-amine complex 3-2 instead of iodo-
amine 3-2’ put our initial proposal into question. We thus decided to do a systematic investigation of the reaction 
mechanism. 
 
Scheme 2. Our initial design for amide synthesis 
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3.2 Detail mechanism study for amide formation from primary nitroalkanes 
Firstly, the reaction of the aci-nitronate anion of 3-1 with 3-2 was tested; in this case, only -iodo nitroalkane 3-6 was 
obtained and isolated in 75% yield within 5 minutes. (Eq. 4) Next, the pre-prepared 3-7 was tested for its ability to form 
amides directly and electrophilic halogen sources were omitted in the presence of K2CO3, O2, and a slight excess of 
allylamine, phenylalanine methyl ester or L-proline methyl ester. The anticipated amides were isolated in good yields at 0 
ºC within 30 min. (Eq. 5) The iodo nitroalkane 3-6 was even reactive enough to couple with the methyl ester of L-proline, 
a secondary amino ester often displaying unique reactivity, giving its respective dipeptide 3-9 in 51% yield. These reactions 
indicated -iodo nitroalkane 3-6 to be the key intermediate.  
 
Scheme 3. Mono--iodonitroalkane 3-6 is a key intermediate.  
Thus, we confirmed the formation of α-iodonitroalkane 3-6 from aci-nitronate anion of 3-1 and complex 3-2. We next 
considered two interconnected pathways (cf. Eq. 6 and 7) for the formation of amide 3-4 from the α-iodonitroalkane 3-6 
based on our previous mechanistic study of Nef reaction using O2.[3] In one case, (Eq. 6, Path A) the -iodonitroalkane 3-
6 first reacts with base to form an aci-nitronate anion 3-11, which further reacts with O2 via SET and radical coupling to 
give active ester 3-11, which further traps amine to give the amide 3-4. In another case (Eq. 6, Path B), the -amino 
nitroalkane intermediate 3-3 can form by attack of an amine onto the -iodine of 3-6 via SN2-type reaction, the anion 3-12 
can be generated in-situ in the presence of base; the anion 3-12 further reacts with O2 via SET and radical coupling to give 
amide 3-4. At this time, we were unclear which pathway was more favorable. We thus checked each pathway one by one. 
First, path A was taken into consideration. We thus prepared the potassium salt of 3-6 and determined if it would react with 
oxygen directly. We carried these reactions with and without amine being present. (Eq. 8) However, no amide formed at 
all and -iodonitroalkane 3-6 was recovered. These two experiments clearly demonstrated that, molecular oxygen does not 
react with the aci-nitronate intermediate of 3-6 at all and the path A (Eq. 6) does not operate.[3] Next, Path B was taken into 
consideration (Eq. 7). We performed the reaction of monoiodide nitroalkane 6 with allylamine under Ar in order to observe 
or isolate the -amino nitroalkane intermediate 3-3. In fact, the anaerobic reaction of the monoiodide nitroalkane 3-6 with 
allylamine and K2CO3 not only produced the amide 3-7 (18%), but also a significant amount (40%) of the de-iodinated 
nitroalkane 3-1 (Scheme 2, Eq. 9); we never observed the formation of the -amino nitroalkane intermediate 3-3. This 
result indicated the path B does not operate. Thus, further control reactions were carried out to understand how the amide 
3-7 is generated under Ar. 
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 Scheme 4. Proposed reaction mechanism for amide formation from mono -iodonitroalkane 3-10. 
Further 1H NMR studies were carried out to understand the reaction of mono-iodide 3-6 with K2CO3 in CD3CN. In fact, 
1H NMR shows formation of the aci-nitronate intermediate 3-14 is very slow and most mono-iodo nitroalkane 3-6 remained 
unreacted in CD3CN after 10 min. When the amine was added to the reaction mixture, the desired amide 3-8 and de-iodo 
nitroalkane 3-3 formed after 3h. These results led to the idea that the mono-iodide 3-7 can act a source of electrophilic 
iodine for -carbanions 3-14. This would logically produce a unobserved-diodidonitroalkane intermediate 3-15 and 
the isolated de-iodinated compound 3-1.  
 
Scheme 5. Further proposed reaction mechanism for amide formation from mono-iodonitroalkane 3-6. 
Suspecting the need for iodine-transfer by 3-6, we thus decided to study the reactivity of the pure anion of 3-6 with one 
equivalent of the NIS-amine complex 3-2 under O2 and under Ar (Scheme 2). The amide 3-8 formed in moderate yields in 
20 min when conducted at 0 ºC both under Ar or O2 (Eq. 6). Markedly, the potassium salt of 3-6 rapidly produced the 
diiodide 3-15 at -30 ºC with the NIS-amine complex 3-2 when the reaction was stopped within 1 min (Eq. 7). Longer 
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reaction times or higher temperatures produced the expected amide 3-7 and the diodide 3-15 was not observed. These 
results further suggested the diodide 3-15 was a key intermediate to amide 3-7 from mono-iodonitroalkane 3-6. 
 
Scheme 6. Further proposed reaction mechanism for amide formation from mono-iodonitroalkane 3-6. 
Suspecting these type of dihalogenated species 3-15 as reactive tetrahedral intermediates to the amide 3-7, we prepared 
and compared the reactivity of the di-halo nitroalkanes 3-6 (X1, X2 = Cl, Br, and/or I) under both Ar and O2. These 
experiments clearly showed the amide 3-7 formed directly from the dihalide intermediate 3-15, whereby higher reactivity 
and yields resulted with the introduction of at least one iodine substitutent. Exceptional reactivity, within 20-60 min, was 
observed with the unstable diodide 3-15 (X1, X2 = I), which likely accounts for our difficulty in observing 3-15 during our 
initial amidation studies, unlike the unreactive dichloride (Chapter 2, Table 1). 
Table 1. Direct Amidation of Dihalogenated Nitroalkanes 3-15.[a] 
 
Entry X1  X2 Ar: yield (%)b O2: yield (%)c 
1  Cl  Cl  trace <5 
2  Cl  Br 35 20 
3  Cl  I 48 72 
4 e Br  Br 10 31 
5  Br  I  55 70 
6d I I 50 60 
[a] Unless noted otherwise, all reactions were conducted with dihalogenated nitroalkanes 3-6 [0.1 mmol], allyl amine [0.15 mmol], and 
K2CO3 [0.15 mmol] at 0 °C in CH3CN [1 mL] under O2 or Ar [1 atmosphere] and isolated yields (%) are given. [b] Reactions under Ar 
were conducted over 48 h, except entry 6 was over 1 h. [c] Reactions under O2 were conducted over 24 h, except entry 6 was over 20 
min. [d] Di-iodide of 3-6 was unstable and used immediately after preparation. [e] Reaction conducted at room temperature. 
    
Figure 1. ORTEP X-Ray Structure of dihalo-nitroalkane 3-15 (X= Br, I) with thermal ellipsoids drawn at the 30 % probability level.  
After we confirmed the dihalogenated species 3-15 can form amides under Ar and O2, we found that our reaction was 
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very similar to a recent UmAS study. (Eq. 15)[1] The difference was that the Johnston group proposed an -amino, -
halonitroalkane 3-3' as the key intermediate that further converts to the amide with O2 or without O2. (Scheme 7) Further 
evidence presented in this UmAS labeling study[1b] also shows that residual H218O and N[18O]2-labeled -halonitroalkanes 
3-1’ do not result in significantly [18]O enriched amides 3-4 under [16]-O2. (Table 2) However, we identified a tetrahedral 
-iodo, -halonitroalkane 3-15 instead of an -amino, -halonitroalkane 3-3' as the key intermediate to the amide product.  
Table 2. 18O label reaction by Johnston group[a] 
 
Entry NO2 lable (% 18O) H2O (% 18O) Atmosphere Amide (% 18O) Yield (%) 
1 0 >99  open <1 75 
2 82 0 Ar 66 70 
3 0 0 18O2 83 68 
[a] Reactions employed one equivalent of -bromo nitroalkane (0.2Min THF), with N-iodosuccinimide (one equivalent) added as the 
final reagent at 0 °C. “Open” atmosphere refers to use of a static atmosphere provided by a cap or septum. Other variations used a balloon 
of the indicated gas. Isotopic distribution determined by high resolution mass spectrometry. 
 
Scheme 7. Proposed mechanism for amide formation by Johnston group.[1b] 
Thus, having discounted dioxygen reacting directly with the anion of 3-1, two proposed pathways to form the amide 3-
4 were reasoned to occur via the tetrahedral -diiodonitroalkane 3-15 (Scheme 8, Eq. 18 and 19). Both radical and ionic 
modes were considered feasible, and the generation of N-nitroso amines 3-18 (Nu = amine) were also deemed possible as 
byproducts from diiodo nitrites 3-16, the rearranged adducts of 3-15 (Eq. 18). The fate of the nitro group was thus uncertain 
under anaerobic and aerobic conditions, for example, to form either nitrate or nitrite salts from the conjested peroxy 
nitroalkane 3-17 (Eq. 19), and a further set of control experiments were performed to discern such fates (Eq. 20 and 21). 
Specifically, we measured the resultant concentration of nitrate/nitrite salts and the level of [18]O incorporation by 
converting 3-1 into 3-4 under both Ar and [18]-O2.[5] 
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 Scheme 8. Nitroso-Trapping and [18]-O2 labelling Studies of 3-1.  
 
Scheme 9. The amount of NO2-/NO3-. 
In the event, piperidine was chosen as a less volatile amine reactant, compared to allylamine, which allowed for the 
anticipated and known N-nitroso amine 3-19[11] to be isolated reliably (Eq. 20). Under Ar, 3-19 was isolated in 25% yield. 
Under O2, 3-19 was isolated in 11% yield. If the nitrosyl iodide 3-19 (Nu = I) forms, it would be expected to also convert 
to I2 and NO gas.[7] The fact that N-nitroso amines were isolated supports the existence of nitrite intermediates 3-16. Next, 
isotope labelling experiments with allylamine as the nucleophile revealed an 87% of [18]O incorporation in the amide 
product 3-7 in a chemical yield of 55% under [18]-O2 (Eq. 21). The resultant nitro-derived salt ratios were calculated to be 
36% nitrite (NO2–) and 4-6% nitrate (NO3–) under O2 (Eq. 23), whereas 3% NO2– and 1–2% NO3– were detected under 
anaerobic conditions (Eq. 22). While these data support the nitro-nitrite rearrangement 15  16 (Eq. 18) as the predominant 
fate under anaerobic conditions, the data suggest that both pathways can occur concomitantly under aerobic conditions. 
Presumably, the proximity and local concentration of solvated O2 gas to the diodide 3-15 will be a factor in pathway 
selection, and NO2/3 salt counts were found to be low due to N-nitroso amine formation and loss of NO gas (and I2) via 
species like I–N=O.[7] 
 
Scheme 10. Synthesis of cis-cyclopropanes 3-24. 
In order to provide evidence that the reaction proceeds via a radical mechanistic pathway (Eq. 19), we decided to 
synthesize the cis-cyclopropanes 3-20 (Scheme 10) for radical clock experiments. Cyclopropanation of alcohol 3-21 was 
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easily obtained by employing diethyl zinc and diiodomethane in dichloromethane.[8] Treatment of the cyclopropane 3-21 
with iodine, triphenylphosphine and imidazole gave the iodide compound 3-22. The iodide compound 3-22 was converted 
into the corresponding nitroalkane 3-23 via displacement of iodide with nitrite. Next, cis-cyclopropanes 3-24 were 
synthesized from nitroalkane 3-23 using K2CO3 and I2 in MeOH at -30°C. 
 
Scheme 11. Radical clock control experiments of pure cis-3-24 and cis-3-25. 
Next, we performed radical clock experiments (Scheme 11).[8] Thus, the pure cis-cyclopropanes 3-24 and 3-21 were 
prepared and reacted with allylamine under our oxidative conditions. Starting from cis-3-24, a 1.3:1 cis/trans ratio of 3-25 
was generated in 60 % yield (Eq. 24), In order to exclude epimerization occuring after amide formation, the purified cis-
cyclopropyl amide 3-25 was similarly treated with NIS, K2CO3 and O2. This gave complete recovery of the cis-cyclopropyl 
amide, even after 12 h (Eq. 25). These results support the existence of a cyclopropylcarbinyl radical being generated and 
undergoing ring opening (3-273-28) and ring closure (3-283-29). 
 
Figure 2. Generic Process to Regenerate an Iodonium Source. 
Lastly, the regeneration and intermediacy of putative iodonium sources needs to be considered under our reaction 
conditions (Figure 2). In other words, presuming the diiodide 3-15 is the key intermediate, the oxidative amidation of the 
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mono-iodo nitroalkane 3-6 (in the absence of additional NIS or I2) is expected to occur via an initial iodine transfer to its 
anion to afford the diiodide 3-15 and eventually regenerate an equivalent amount of an iodinating agent. Furthermore, 
despite observing the mono-iodonitroalkane 3-6 being oxidized to the amide 3-4 with amine and oxygen under basic 
conditions (Eq. 26), oxygen does not first react with the anion of 6 (Eq. 6), but more likely O2 and amine reacts with the 
di-iodide 3-15 after it forms via iodine-transfer of 3-6 to its nitronate anion. Here, we suggest an extra equivalent of I2, I-
N=O[7] and/or I–ONO species is generated under our reaction conditions (Figure 2). These iodonium species can thus react 
under either radical or ionic reaction modes and allow the amide oxidation state of 3-4 to be achieved from mono-iodide 
3-6. 
3.3 Summary of reaction mechanism 
Collectively, my findings are consistent with the mechanism illustrated in Figure 3. I thus propose the primary 
nitroalkane 3-1 first becomes -iodinated with NIS from the halogen bonded amine complex 3-2 to afford the mono-iodide 
3-6 (Eq. 27). After further deprotonation, the -iodo aci-nitronate becomes -iodinated with another iodonium species (I+) 
to afford the di-iodide 3-15. I propose it is this congested, tetrahedral di-iodinated nitroalkane 3-15 that can either rearrange 
in a homogenic, anaerobic manner to form the nitrite ester 3-16 (Eq. 28) or react with molecular oxygen to afford a peroxy 
radical adduct 3-17 (Eq. 29). From these intermediates onwards, several additive-eliminative pathways, under either radical 
or ionic reaction modes, can be proposed to afford the amide product 3-4. 
 
Figure 3. Proposed oxidative amidation of 3-1 via -iodide 3-6 and diiodide 3-15. 
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Chapter 4. Autocatalytic Conversion of -Diiodonitroalkanes into Amides and Esters by 
Iodide Byproducts under O2 
4.1 Introduction of autocatalytic reaction 
An autocatalytic reaction is defined as a system in which a reaction product serves as a catalyst for its own production. 
(Figure 1a) This is a relatively rare phenomenon in synthesis and is often considered key to the chemical origins of life. 
The generally accepted experimental signatures of an autocatalytic process include: a) observation of an enhancement in 
reaction rate with one or more reaction products added to the reaction vessel, and b) observation of a temporal product 
concentration profile that exhibits a sigmoidal shape (Figure 1b).[1] 
 
Figure 1. Autocatalylic reaction: a) Catalytic model; b) Kinetic profile. 
4.2 Unexpected sigmoidal kinetic profile in the reaction of -diiodonitroalkane and MeOH /amine 
In chapter 3, we studied the mechanism of the direct conversion of primary nitroalkanes into amides in the presence of 
O2, I2 or NIS, and nucleophilic amines (Figure 2). The key intermediate was identified to be the labile, doubly -iodinated 
derivative 4-2 of the nitroalkane 4-1 [Eq. 1]. We proposed the amide product 4-4 is generated by nucleophilic amine attack 
on an activated acyl intermediate 4-3, as derived by addition of O2 onto 4-2 through homolytic cleavage of a C–I or C–
NO2 bond.[2b] Clearly the activated ester 4-3 can also react with other nucleophiles, such as alcohols to form esters. If made 
synthetically useful under mild conditions, for example, with less nucleophilic amines or alcohols, such a development 
would help advance the transformation of nitroalkanes into other useful functionalities.[2]  
 
Scheme 1. Mechanism of amide 4-4 formation from primary nitroalkane 4-1. 
At first we compared the reactivity of differing amines and alcohols with 4-2 under established conditions (Chapter 3) 
in a qualitative manner (Eq. 2). Here, we anticipated that methanol in excess would display a similar reaction rate to one 
equivalent of a primary amine due to the high reactivity of 4-3 (Eq. 1) and relative nucleophilicities. The isolated ,-
diiodonitroalkane 4-2a (X-ray structure of 4-2a in Figure 3), however, showed a significantly higher reactivity with amines 
than with methanol. Eventually, we settled on studying the weaker nucleophiles 2,2,2-trifluoroethylamine and methanol at 
room temperature by quantitative 1H NMR analysis, and also examined the reaction of 4-2a with benzylamine at room 
temperature and at –10°C (Figure 2).  
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Figure 2. 1H NMR reaction profiles of -diiodonitroalkane 4-2a with MeOH (5 equiv.) or amine (1.5 equiv.)  
     
Figure 3. ORTEP X-Ray Structure of -diiodonitroalkane 4-2a with thermal ellipsoids drawn at the 50 % probability level.  
Most strikingly, the reactions from 4-2a to 5 (Eq. 2) with relatively weak nucleophiles (CH3OH, CF3CH2NH2) displayed 
clear sigmoidal kinetic profiles at room temperature on the NMR timescale (Figure 2, red and black curves). In contrast, 
the initial reaction between 4-2a and benzylamine proceeded exponentially with no slow induction period at room 
temperature, whereas an uncommon sigmoidal profile was observed at -10 °C (Figure 2, cyan and blue curves). Several 
mechanistic reasons can be attributed to cause these sigmoidal kinetic profiles; for example, a product, intermediate or 
byproduct of the reaction accelerating a rate-determine step in an autoinductive or autocatalytic fashion.[7] We thus decided 
to study the oxidative conversion of the -diiodonitroalkane 4-2a to the carboxylic derivatives 4-6/4-7 and quantify the 
kinetic effects of adding each identifiable reaction product at 20 mol% by 1H NMR (Eq. 3, Figure 4a). 
4.3 To prove -diiodonitroalkane 4-2a reacting with amine and alcohol is an autocatalytic reaction 
In the first instance without any additives, the methyl ester 4-6 and carboxylic acid 4-7 were isolated in 75% and 25% 
yields, respectively, and characterized by 1H NMR (Eq. 3). This reaction under standard conditions also produced nitrite 
salts (KNO2) and I2 crystals as byproducts, as detected by ion chromatography and observed after solvent removal. Next, 
we monitored the effect of adding each reaction product at the start of the reaction, including the ester 4-6, carboxylate 4-
7, nitrite, and hydrogen carbonate salts (Figure 4a). All these cases displayed sigmoidal kinetic profiles similar to the 
reaction with no additives, although small variations in initial induction times were observed. 
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 a)   
 
b) 
 
Figure 4. 1H NMR reaction profiles of -diiodonitroalkane 4-2a with MeOH (5 equiv.) a) 1H NMR analysis with various reaction 
product additives (20 mol%); b) React-FT-IR analysis with various iodine sources (20 mol%). 
Eventually, I2 was selected as an additive to the reaction [Eq. 3]. This gave a dramatic improvement in the initial reaction 
rate, similar to conventional pseudo-first-order kinetic profiles (Figure 4b, red curve). Here, the addition of I2 gave a 
sustained purple-red color throughout the course of the reaction. In comparison, without pre-adding I2, the reaction turned 
from yellow to a similar purple-red colour after 30 minutes, at which time the rapid formation of the ester product was 
clearly observed. (cf. Figure 4b, red and black curves). The effect of I2 was therefore studied in more detail by monitoring 
the in-situ consumption of the -diidonitroalkane 4-2a and the in-situ formation of ester 4-6 by React-IR (Figure 4b). 
Again, we followed the standard reaction without any additive [Eq. 3] and, although the IR-data were consistent with our 
initial 1H NMR analysis, the 0–30 min induction periods were much better resolved (cf. Figure 4a, black curve; Figure 4b, 
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blue curve). Addition of I2 also gave a similar conventional kinetic profile to our 1H NMR analysis, which produced the 
desired ester 4-4–4-6 within 80 min (cf. Figure 4a and 4b, red curves). 
Since I2 can act as a dual source of cationic iodonium (I+) and anionic iodide (I3- or I-) species in solution,[3] we performed 
separate reactions by adding 20 mol% of NIS as an I+ source and 20 mol% of NEt4I as an I– source. While NIS demonstrated 
a slight retardation on the initial raction rate (cf. Figure 4b, purple and blue curves), NEt4I dramatically accelerated the 
induction period and the overall reaction rate (Figure 4b, blue curve) Furthermore, a similar iodide-mediated acceleration 
effect was observed in the case of CF3CH2NH2 reacting with 4-2a to form the amide 4-5a. (Figure 5) Collectively, these 
data support iodide byproducts (I–) to be the principal species which catalyse the oxidative conversion of the diiodide 4-2 
to the ester 4-6. 
 
 
Figure 5. 1H NMR reaction profiles of -diiodonitroalkane 4-2a with CF3CH2NH2 (1.5 equiv.) with or without NEt4I. 
The mechanistic implications of these findings are thought provoking, especially when we take related studies (chapter 
3) into account. Our current interpretation for the -diiodo-nitroalkane 4-2 is presented in Scheme 1. From our previous 
mechanistic studies, we consider the direct addition of O2 to an -iodo aci-nitronate derived from the-diiodonitroalkane 
4-2 to be unlikely. Such anionic intermediates of 4-2 can conceivably be formed by attack of an iodide anion or another 
nucleophile onto the -iodine of 4-2. Here, we propose two alternative single-electron transfer (SET) pathways to proceed 
from 4-2 by the action of iodide anions to generate the carbon radical 4-11, either in an inner-sphere or outer-sphere sense 
(Scheme 2). We thus consider the highly electron deficient-diiodonitroalkane 4-2 to be a good electron accepter[4] and 
I– to be a good electron donor.[5,6] For the inner-sphere pathway, an iodine-bridged halogen bonded[7] complex 4-9 is 
proposed to form, after which 4-9 undergoes SET-induced homolytic fragmentation to give a diiodide radical anion (I2•–) 
and the carbon radical 4-11.[4] The I2•– byproduct can then couple with a liberated mono-iodine radical (I•) to generate I3– 
as a known source of I2 and I–.[8] For the outer-sphere pathway, we propose I– to react directly with the -
diiodonitroalkane electron-acceptor 4-2 via SET to give a mono-iodine radical (I•) and the radical anion 4-10. This activated 
form of 4-2 can then fragment to a mono-iodide anion (I–) and the carbon radical 4-11, which can then be trapped with 
O2.[9] In this case, the homogenic coupling of I• gives I2. Although the contributions of the two SET pathways to form the 
carbon radical 4-11 are not certain, we have previously evidenced the formation of 4-11 through radical clock experiments 
in chapter 3. In either case, cationic iodine species (I2) and anionic iodide species (I–) are proposed to be regenerated.  
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 Scheme 2. Proposed autocatalytic role of iodide byproduct (I–) with -diiodonitroalkanes 4-2, by either inner or outer single-electron 
transter (SET) events, and proposed regeneration of diiodine (I2) and mono-iodide (I–). 
 
 
Figure 6. 1H NMR reaction profiles of -diiodonitroalkane 4-2a with benzylamine (1.5 equiv.) 
On the basis of the mechanism proposed in Scheme 1, the differing kinetic profiles of benzylamine at room temperature 
and -10 ºC needed some further clarification. (cf. Figure 6, red and black curves) Indeed, the addition of 20 mol% of NEt4I 
for the reaction at -10 ºC exhibited a conventional kinetic profile with no induction period. (Figure 6, blue curve) Without 
iodide additives at room temperature, further 1H NMR experiments showed that benzylamine quickly reacts with 4-2a to 
generate a mono -iodinated derivative of 4-2a (cf. Figure 7, blue and purple curves) and plausibly iodobenzylamine. This 
iodobenzylamine can further transform to imine, which is evidenced by benzaldehyde being isolated after work up. At -10 
ºC, in spite of a halogen bonded amine complex being observed, deiodinated 4-2a and benzaldehyde were not detected. 
These results suggest that 4-2a can transfer an iodine to the amino group of benzylamine at room temperature, which 
presumably results in imine formation and the release of iodide catalyst. However, under unfavorable conditions with a 
weak nucelophile, the -diiodonitroalkane 4-2a would slowly dissociate into the carbon radical 4-11. Once intermediate 
4-11 reacts with O2 to form acyl products 4-3, iodide anions can be generated and the reaction can proceed autocatalytically 
as proposed in Scheme 2. Reactions with methanol at room temperature or benzylamine at -10 ºC thus necessitate the 
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gradual generation of iodide anions in sufficient concentrations to autocatalyse the generation of 4-11 from the key 
intermediate 4-2a, which is reflected in their kinetic profiles (cf. Figures 2 and 4). 
 
Figure 7. 1H NMR study of -diiodonitroalkane 4-2a with benzylamine (1.5 equiv.) at r.t.  
4.4 Optimization reaction condition for ester formation 
On the mechanistic basis of iodide-mediated autocatalysis, we thus decided to explore the oxidative esterification 
between primary nitroalkanes and primary alcohols with a slight excess of I2 (1.2 equiv.) under a variety of basic conditions 
(Table 1). Here, the premise was that the iodide anions, generated during the formation of the known mono -iodinated 
nitroalkane and ,-diiodonitroalkane 4-2 intermediates, would persist in at least 20 mol% through all stages of the reaction 
and thereby ensure the esterification process proceeds rapidly. Thus I2 was chosen to act as a dual source of iodonium 
cations to not only form 4-2, but also to form iodide anions that facilitate the homolytic cleavage of 4-2 into O2-reactive 
radical species 4-11 (Scheme 2). Compared to conventional methods, which first convert primary nitroalkanes to carboxylic 
acids before ester formation,[10] our aim was to develop a one-pot procedure to make more challenging, sterically hindered 
esters in a direct way via in-situ formed ,-diiodonitroalkane intermediates 4-2.  
Table 1. Optimization of Oxidative Esterification Process.[a] 
 
Entry Base Solvent Time [h] Yield [%] 
1 K2CO3 CH3CN 24h trace 
2 K2CO3 THF 24 h trace 
3 K2CO3 CH2Cl2 24 h trace 
4b K2CO3 MeOH 6 h 70 
5b Li2CO3 MeOH 6 h 60 
6b Na2CO3 MeOH 12h 50 
7b Cs2CO3 MeOH 1h 20 
8b NaOMe MeOH 1h 40 
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9b KOMe MeOH 1h 60 
10b,c KOMe MeOH 1h 70 
[a] Reactions were conducted with nitroalkane 4-12a (0.2 mmol), MeOH (1.0 mmol), base (0.4 mmol) under O2 atmosphere 
in CH3CN (2 mL); [b] MeOH (2 mL) was used as the solvent; [c] KOMe (3 equiv) was used.  
As a model system, we selected the readily prepared N-protected 1,1-dimethyl-2-nitroethanamine 4-12a and methanol 
for optimization to form the sterically hindered methyl ester 4-13a (Table 1, Eq. 6). From our previous procedures in 
Chapter 2, K2CO3 was first selected as a suitable base in solvents of CH3CN, THF or CH2Cl2. These reactions were found 
to be very slow due to the low solubility of K2CO3 limiting the formation of -iodo nitroalkane intermediates (entries 1–
3). Carbonate bases in MeOH as the solvent improved the overall reaction rate and yields (entries 4–7). Eventually, KOMe 
was demonstrated to be a superior choice to NaOMe (cf. entries 8 and 9), especially when used in 3 equivalents (entry 10).  
 
Scheme 3. Synthesis of hindered primary nitroalkanes. 
 
Scheme 4. Oxidative esterification of readily prepared primary nitroalkanes into sterically congested methyl or ethyl esters. 
The hindered primary nitroalkanes were readily prepared by the addition of nitromethane to ketones (Eq. 7) or to imines 
(Eq. 8), or by the conjugate addition of a Grignard reagent to -disubstituted nitroalkenes (Eq. 9). With optimized 
conditions in hand (Table 1, entry 10), the substrate scope was screened with hindered primary nitroalkanes 4-12. (Scheme 
4) Notably, the-hydroxy,-alkyl, -benzyl or -phenyl functionalized -trisubstituted methyl esters 4-134–13f all 
formed in good yields in a direct and rapid manner. (Scheme 4) Although an increase in the bulkiness of the -position of 
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the starting nitroalkane gave slightly longer reaction times, the chemical yields remained good (cf. 4-13d–f). In addition, 
-chiral substituted chiral esters such as 4-13halso can be prepared in good yield. 
4.5 Conclusion 
During the mechanistic investigation of the I2/O2-based conversion of primary nitroalkanes to amides and esters via 
recently identified -diiodonitroalkanes 4-2, I observed unusual sigmoidal reaction profiles with relatively weak amine 
and alcohol nucleophiles through quantitative 1H NMR and React-IR studies (Figure 1). Systematic addition of sub-
stoichiometric amounts of potential products derived from 4-2 (Eq. 3) clearly identified mono-iodide byproducts to 
accelerate the reaction. Due to the regeneration of iodide anions, we thus propose a rare case of autocatalysis, whereby the 
iodide-mediated formation of O2-reactive carbon radicals 4-11 from 4-2 can occur through inner or outer sphere single-
electron transfer (SET) events (Scheme 1). Under this mechanistic framework, I developed a convenient one-pot oxidative 
transformation of readily prepared -trisubstituted nitroalkanes into sterically encumbered -trisubstituted esters, 
which are difficult to access by conventional methods.  
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Chapter 5. Sterically Demanding Oxidative Amidation of -Substituted Malononitriles with 
Amines using O2 
5.1 Introduction  
Acyl cyanides are useful synthetic intermediates in organic synthesis as they can be utilized in a variety of 
transformations. Especially, acyl cyanides serve as highly reactive activated esters during amide and peptide syntheses.[1] 
In previous reports, acyl cyanides can be synthesized by cyanation of acyl chlorides using CuCN/TMSCN (Eq.1)[2] or by 
the oxidation of malononitriles using strong oxidative reagents by various reported methods (Eq. 2)[3] and further reacted 
with amines to form amides. In addition, activating carboxylic acids with traditional reagents (e.g. with 
phosphorocyanidates) generates acyl cyanides (Eq. 3)[4] and pre-oxidized hydroxyl malononitriles as masked acyl cyanides 
(MAC) (Eq.4) [5] are also used in amide and peptide methods. 
 
Scheme 1. Acyl cyanide serves as an active ester precursor in amide synthesis. 
5.2 Initial design for this work  
 
Scheme 2. Mechanistic rationales for oxidative amidation. 
The stimulus for this new work to make amides began during the discovery and development of the base-promoted Nef 
oxidation of nitroalkenes or nitroalkanes to form their ketones with oxygen by our group (Eq. 5). During the further 
development of a direct halogenative method to form amides under aerobic conditions in Chapter 3, we isolated ,-
diiodinated nitroalkanes (Eq. 6) and recognized the mechanistic need to make intermediates that bear two electron-
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stabilizing groups X and Y (Eq. 7). These substituents can thus not only stabilize transient radicals and anions, but also act 
as one-electron or two-electron leaving groups. We thus proposed to explore an oxidative amidation sequence via putative 
dioxirane intermediates, which can act as sources of electrophilic mono-oxygen and transform into reactive acyl derivatives 
to form amide bonds in a new powerful way. 
5.3 Screening leaving groups 
First, we explored –NO2[6], –CN[7], –SO2R[8] and –PO(OR)2[9] as suitable X/Y groups for the proposed oxidative 
amidation sequence (Eq. 7). These studies are summarized in Table 1 (Eq. 8). Under our established oxidative conditions 
from Chapter 2,[10c] - -chloro substituted nitroalkanes 5-1 with allylamine 5-2 produced no 
amide product 5-3 at all (entries 1–2). Suspecting the need for alternative electron withdrawing groups to facilitate single 
electron transfer (SET) mechanisms with O2,[5b] we prepared and explored various -substituted nitrile derivatives (1, X = 
CN). To our delight, when the 1,1-dicyanide 5-1 (X, Y = CN) was exposed to the amine 5-2 in the presence of K2CO3 under 
O2, the desired amide was generated in 96% chemical yield within 3.5 h at room temperature (entry 3). Further studies 
revealed the cooperative nature of –CN and –SO2Ph groups in 5-1, which gave a 70% yield of 5-3, albeit over three days 
(entry 4). Otherwise, only trace amounts of the amide 5-3 were observed (entries 5–7).  
Table 1. Screening of functionality for oxidative amide formation.[a] 
 
Entry X Y Time [h] Yield [%] 
1 NO2 SO2Ph 12 < 5 
2 NO2 Cl 12 < 5 
3 CN CN 3.5 96 
4 CN SO2Ph 90 70 
5 CN PO(OEt)2 60 < 5 
6 CN COOMe 60 < 5 
7 CN OTs 24 < 5 
[a] Reactions were conducted with 5-1 (0.2 mmol), allyl amine 5-2 (0.4 mmol) and K2CO3 (0.4 mmol) at room temperature under O2 (1 
atm). 
5.4 Substrate scope for amide synthesis 
With appropriate functionality and initial conditions in place for the 1,1-dicyanide 5-1 (X, Y = CN), the scope of the 
oxidative amidation method was investigated by changing the amine component (Scheme 3). Common functional groups, 
such as allyl, propargyl and benzyl amines, displayed high reactivity to amide formation (5-3, 5-4a/b). The unprotected 
hydroxyl amine generated the corresponding amide 5-4c chemoselectively in 87% yield and the electron deficient 2-
aminoacetonitrile gave the desired amide in 96% yield (5-4d). Amines with increasing steric hindrance, including t-
butylamine, cyclohexylamine, pyrrolidine, N-methyl-benzylamine and diethylamine, all gave the desired amides in greater 
than 80% yield (5-4e–5-4j). The conditions were also found suitable for Weinreb amide formation (5-4k). Notably, 
coupling of 5-1 with amino acid methyl esters or an amine-free dipeptide generated the corresponding amides and peptides 
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in 70–84% isolated yields (5-4–5-4p) without epimerization. Moreover, 2-propylmalononitrile reacts with allyl amine to 
give the desired amide 5-4q in 90% yield. 
 
Scheme 3. Oxidative amidation of unhindered -alkylated malononitriles. 
5.5 Optimization for sterically hindered amide synthesis 
Next, our aim was to apply this oxidative method to make more challenging amides. As a model system, we selected the 
-tert-butyl malononitrile 5-5 and N-methylbenzylamine for optimization to the sterically hindered amide 5-6a (Table 2, 
Eq. 10). The reaction was very slow when K2CO3 was used as base, even at 50 ºC (entry 1). Changing the solvent from 
acetonitrile to THF or DMF, for example, gave no product at all (entry 2). Eventually, Cs2CO3 was demonstrated to be 
superior to bases like K2CO3, KOAc, and K3PO4, as well as to stronger bases like KOtBu and CsOH (entries 3-7). Increasing 
the temperature to 50 °C slightly improved the reaction speed and gave a higher yield of 20% (cf. entries 7 and 8). During 
these optimization studies (entries 1–8), the major side product was identified as the corresponding carboxylic acid, 
presumably derived from 5 reacting with residual water. Therefore, strictly anhydrous conditions were adopted and pre-
dried 4Å molecular sieves and Cs2CO3 dramatically improved the yield. (60%; entry 9) Finally, for sterically demanding 
systems, it was optimal to adopt two equivalents of the N-methylbenzylamine. This gave the amide 5-6a in 70% yield 
(entry 10). 
Table 2. Oxidative amidation study to form a sterically hindered amide.[a] 
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Entry Base Solvent Conditions 4Å MS Yield [%] 
1 K2CO3 CH3CN rt, 24 h; or 
50 °C, 12 h 
- 
- 
15 
15 
2 K2CO3 THF or DMF rt, 24 h - < 5% 
3 KOAc CH3CN rt, 24 h - < 5% 
4 K3PO4  CH3CN rt, 24 h - < 5% 
5 KOtBu CH3CN rt, 24 h - < 5% 
6 CsOH CH3CN rt, 24 h - < 5% 
7 Cs2CO3 CH3CN rt, 24 h - 15 
8 Cs2CO3 CH3CN 50 °C, 12 h - 20 
9[b]  Cs2CO3 CH3CN 50 °C, 12 h 100 mg 60 
10[b,c]  Cs2CO3 CH3CN 50 °C, 12 h 100 mg 70 
[a] Reactions were conducted with malononitrile 5-5 (0.2 mmol), N-methylbenzylamine (0.2 mmol), base (0.4 mmol) under 
O2 atmosphere; [b] Cs2CO3 and 4Å MS were flame dried under vacuum and saturated with O2 before use; [c] N-
methylbenzylamine (0.4 mmol) was used. 
5.6 Sterically hindered amide and peptide synthesis 
Sterically hindered -substituted malononitriles 5-5 can be easily synthesized from widely available starting material 
using simple procedures. The conjugate addition of a Grignard reagent to isopropylidenemalononitrile gave 5-5a and 5-5b 
and the addition of Grignard reagent to 2-cyclohexylidenemalononitrile gave 5-5c. (Eq. 11).[11] Malononitrile 5-5d can be 
easily synthesized from malononitrile and alkyl halide via a Friedel-Crafts type reaction. (Eq. 12).[12] Malononitrile 5-5e 
also can be prepared from malononitrile and aryl iodide via Pd-catalyzed coupling. (Eq. 12)[13]  
 
Scheme 4. Sterically hindered -substituted malononitrile synthesis. 
Next, the substrate scope was screened with hindered malononitriles 5-5 (Scheme 5), Besides the notable formation of 
the congested aromatic amide 5-7c with allylamine, the formation of amides 5-6–5-10 proceeded in good yield at 50 °C, 
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despite both sides of the amide bond being fully substituted (Conditions A). Furthermore, chiral amino acid methyl esters 
and amides could be coupled with sterically hindered malononitriles in acceptable yields and reaction times at 70 °C 
(Conditions B) with complete stereochemical integrity in the amine component.  
 
Scheme 5. Oxidative amidation of sterically hindered -alkylated malononitriles and steric N-capping of amino acid esters / peptides. 
5.7 Mechanistic study 
On the basis of our previous mechanistic studies into making ketones[10a,10b] and amides from nitroalkanes as described 
in chapter 2 and chapter 3, one plausible pathway for the oxidative amidation of malononitriles with amines is proposed in 
Figure 1. Thus, the -substituted malononitrile first deprotonates to generate an anion 5-11, which is then capable of single-
electron transfer (SET) and addition with molecular oxygen, either directly or indirectly. If a radical pair is produced, they 
would couple to form the peroxide adduct 5-13. From 5-13 to 5-16, we proposed two possible pathways. In one case, the 
dioxygenated adduct 5-13 can cyclize to form a four membered ring anion 5-17, which further expel cyanate anion and 
form an acylating species 5-16. In the other case, the dioxygenated adduct 5-13 can cyclize and expel cyanide anion to 
form the reactive dioxirane intermediate 5-14. In turn, electrophilic mono-oxygen transfer from the dioxirane 5-14 to 
another 1,1-dicyano carbanion 5-11 produces a bis-tetrahedral adduct 5-15 that can fragment into two acylating species 5-
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16 capable of being intercepted by the amine nucleophile.  
 
Figure 1. Proposed reaction mechanism. 
 
Scheme 6. The reaction of O2 with manolonitrile. 
The role of O2 was considered first, when the malononitrile 5-1 (X, Y = CN) was mixed with allyl amine in the presence 
of K2CO3 under Ar, no amide 5-3 formed and 5-1 was recovered completely. (Eq. 15) This is in stark contrast to when the 
reaction was conducted under O2 (Eq. 16, 96% yield of 5-3). Next, in order to determine the existence of radical species 
like 5-12, we prepared the -cyclopropyl malononitrile cis-5-18 as its pure cis isomer for suitable radical clock 
experiments.[15] Exposure of the pre-formed potassium salt of cis-5-18 to O2 for 10 minutes gave a 1:3 cis-5-18/trans-5-18 
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mixture in 90% yield. Control experiments with added TEMPO (1.0 equiv.) and under strictly O2-free atmospheres gave 
near complete recovery of the cis starting material (around 90%). (Eq. 17) These results indicated the anion 5-18 reacted 
reversibly with O2 via SET to form a radical 5-19. Moreover, when cis-5-18 was exposed to the allylamine in the presence 
of K2CO3 under O2, the cyclopropyl amide was isolated as a 1:3.5 cis-5-20/trans-5-21 mixture in 90% yield after 4 h (Eq. 
19). Further experiments demonstrated a mixture of the cis starting material 5-18 and cis amide product 5-20 to be 
isomerically stable to the reaction conditions under Ar. These control reaction indicated the anion 5-11 reacting reversibly 
with O2 via SET to form a radical 5-12, which can conceivably couple with superoxide to form a peroxide adduct 5-13 and 
further convert to amide in the presence of amines as shown in Figure 1. 
 
The fate of the cyano groups was also considered. Thus, the quantities of cyanide and cyanate anions were determined 
by ion chromatography as produced from the reaction given in the generation of 5-3. (Eq. 20) With respect to a total 
theoretical yield of 2 equivalents, cyanate ions were detected in low yield (7.6%), whereas cyanide ions were formed in 
high yield (84.8%). On the basis of these results, we further suggest the peroxide adduct 5-13 cyclizes to form a dioxirane 
intermediate 5-14, releasing the first equivalent of cyanide, after which the second equivalent of cyanide would be 
generated after amine addition to the proposed acyl cyanide 5-16 to give the amide product 5-17 (see Figure 1). 
 
Scheme 7. Dioxirane intermediate trapping reaction. 
Next, in order to prove the formation of the electrophilic dioxirane intermediate 5-14, (Figure 1) intramolecular thioether-
trapping experiments were performed in O2-saturated CH3CN. The anion 5-22 reacts with molecular O2 would generate 
electrophilic dioxirane intermediate 5-23, which can further react form compound 5-24 via intramolecular reaction. (Eq. 
21).[10b] In the event, the -ethylsulfenyl -benzyl malononitrile 5-25 was prepared and reacted under dilute conditions at 
–20 °C. (Eq. 22) This gave the oxidized sulfinyl amide 5-27 reliably in 5% yield. The direct oxidation of the sulfide starting 
material 5-25 or sulfide product 5-26 by O2 was excluded by additional control experiments at room temperature over 48 
h.  
5.8 Conclusion 
In this chapter, an efficient method for amide and peptide formation between readily available 1,1-dicyanoalkanes and 
amines was realized simply with molecular oxygen and a carbonate base. This oxidative protocol can be applied to both 
sterically and electronically challenging substrates in a highly chemoselective, practical, and rapid manner. Mechanistic 
studies support an initial SET pathway between the anion 5-11 of the -substituted malononitrile and O2 to form an -
peroxide adduct 5-12 as a precursor to the dioxirane intermediate 5-13, which generates the acyl cyanide intermediate 5-
16 that further reacts with the amine to give the final amide product. 
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Chapter 6. Halogen Bonded Complexes between Amines and NBS/NIS: Structure and Reactivity 
Study 
6.1 Background of NBS/NIS reacting with amine 
NIS and NBS are commercially available, convenient sources of iodine/bromine for electrophilic addition reactions. 
Based on previous reports, NBS and NIS are one of the most common reagents used to oxidize the N–H bond to N–X.[1a] 
Primary and secondary amines can be readily oxidized by NIS to give N-iodo amines.[1b] Secondary amines can be readily 
oxidized by NBS to generated bromo-amines.[1c,1d] Also, tertiary amines can readily react with NIS or NBS to form 
ammonium salts.[2] Recently, we developed an efficient oxidative amidation of primary nitroalkanes with amines 
using NIS under O2 (Chapter 2, 3). During my mechanistic study in Chapter 3, I observed and isolated a novel 
stable 1:1 adduct between allylamine and NIS instead of the iodo-amine. (Eq. 3) Based on literature study, I 
identified this complex belongs to a halogen bonded complex between the amine base and NIS Lewis acid. [3]  
 
Scheme 1. Unexpected halogen bonded complex between allylamine and NIS. 
Halogen bonding (XB) is the non-covalent interaction that occurs between a halogen atom (Lewis acid) and a Lewis 
base.[3] The interaction angle is typically close to 180°, and the R–X---LB distance is shorter than the sum of the van-der-
Waals radii of the interacting atoms and the R–X bond is slightly elongated. So far, most applications of halogen bonding 
are concerned with the solid state, e.g. in crystal engineering,[4] self-assembly[5] and organic semiconductors[6]. The 
investigation of halogen bonding has considerably lagged behind, but today, it is used in various solution-phase 
applications.[7] This includes fundamental studies[8] and receptor anion transport.[9] The study of halogen bonding in 
organic synthesis is currently in its infancy, such as the use of halogen bonded complexes as reagents[10] and using halogen 
bonding as Lewis acidic activators or to initiate catalytic events.[11]  
 
Figure 1. Schematic model of a halogen bond. 
Indeed, the study of halogen bonding in catalysis or as reagents in halofunctionalizations is still rare. To date, there has 
been no systematic study about the character and reactivity of halogen bonded complexes between amines and NBS/NIS, 
and their application in catalytic halo-functionalizations.[12] Herein, we present our fundamental findings about halogen 
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bonded complexes between amine and NBS/NIS serve as key intermediates in halocyclizations.  
6.2 NMR study of NIS/NBS with different amines in solution 
 
NIS reaction with different amines (Eq. 4): Different amines (1 equiv.) were mixed with NIS (1 equiv.) in CDCl3 
and monitored by 1H NMR. We quickly observed that some signals of NIS were shifted upfield compared with 
free NIS, and some signals of the amine component were shifted downfield compared with the free amine. (Figure 
2a) The pure halogen bonded complex can be readily obtained as a solid by evaporating the solvent and washing 
with dry Et2O. Interestingly, I found the thermal stability of complex 6-1–6-4 both in solid and solution forms to 
highly depend on the type of amine. For example, the allylamine-NIS complex 1 and N-methylbenzylamine-NIS 
complex 2 slowly darken and decompose to a complex mixture at r.t. within 1 day. N,N-dimethylbenzylamine:NIS 
complex 3 quickly darkens and decomposes at r.t. within 10 minutes. However, all complexes can be stored at –
30 °C for more than three months. The qunuclidine:NIS complex 6-4 is very stable and can be stored at r.t. for 
more than 3 month without any decomposition.  
 
NBS react with amine (Eq. 5): Next, different amines were used to react with NBS. Primary benzylamine and 
secondary N-methylbenzylamine can be easily oxidized to bromoamine and release succinimide even at low 
temperature as evidenced by NMR. (Figure 2b)[1c,1d] However, when NBS was mixed with quinuclidine (1:1), I 
observed an NBS signal (figure 2b) being shifted upfield, compared with free NBS, and an amine signal (Figure 
2b) being shifted downfield, as compared with free quinuclidine as quinuclidien serve as Lewis base donated 
electron to NBS. Here, I only obtain pure complex solid 6-5 after evaporated the solvent and washed by Et2O, this 
complex was stable at r.t. for more than 3 month without any decomposition.   
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 Figure 2. Comparison of the 1H NMR spectra of NIS with different amines: a) NIS; b) NBS. 
 
Figure 3. Stack plot of the 1H NMR spectra of NIS/NBS at 298 K with increasing equivalents of qunuclidine: a) NIS; b) NBS. 
Next, the titration of NIS and NBS with quinuclidine at room temperature (Figure 2) allowed the nature of the halogen 
bonding complex to be assessed in solution. First, the addition of quinuclidine to NIS in CDCl3 was investigated and 
monitored by 1NMR spectroscopy. (We shall discuss proton 1/1’ of NIS and 2/2’ of quinuclidine; see Figure 3a)  In fact, 
when quinuclidine (0.4 equiv.) was added to NIS in CDCl3, the proton signals of 1 and 1’ appeared independently, and 
both signals of 1 and 1’ broadened at the same time. When the amount of quinuclidine was increased to 0.8 equiv., the 
signal of proton 1 disappeared and proton 1’ became sharp. Further increasing the amount of quinuclidine to 1.6 equiv., 
the peaks of 2 and 2’ broadened independently. This kind of observation due to the reversible ligand exchange of NIS in 
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and out of the complex 4 is slow on the NMR time scale. Next, the addition of quinuclidine to NBS in a solution of CDCl3 
was also investigated. Gradually increasing the amount of quinuclidine to the NBS solution, the signals of 2/2’ shifted 
upfield relative to 2, and only one signal was observed between free NBS and the quinuclidine-NBS complex 5 due to the 
fast exchange of NBS in the complex 5 on the NMR time scale.  
6.3 X-ray crystal structures of halogen bonded complexes of NBS/NIS and amine 
 
Figure 4. X-ray structure of halogen bonded complexes between NXS and amine: a) Allylamine:NIS (6-1); b) N-
Methylbenzylamine:NIS (6-2); c) N,N’-Dimethylbenzylamine:NIS (6-3); d) Quinuclidine:NIS (6-4); e) 
Quinuclidine: NBS (6-5). 
Table 1. Bond length and bond angle of halogen bonded complex 6-1–6-5. 
 6-1 6-2 6-3 6-4 6-5 
Bond length of N---X (Å) 2.369 2.399 2.433 2.370 2.211 
Bond length of X–N (Å) 2.190 2.165 2.170 2.185 2.030 
Angle [deg]: N---X–N (°) 178.54 178.81 175.20 178.80 178.54 
 
All the single crystals of 6-1–6-5 were obtained by slowly decreasing the temperature of a 1:1 mixture of NIS/NBS 
and amine in a solvent mixture of CH2Cl2 and hexane. The structures of complexes 6-1–6-5 were determined by single-
crystal X-ray diffraction analysis as shown in Figure 4. The bond length and angle are summarized in Table 1. All the 
angles of N---I–N of complexes 6-1–6-4 are near to 180°, having essentially linear geometry, ranging from 175.2° 
to 178.8°, which are in agreement with the fundamental characters of halogen bonding. [3] The corresponding N--
-I distances of NIS-amine complexes between Lewis basic amine and NIS vary from 2.369 to 2.433 Å, which are 
markedly shorter than the sum of the van der Waals radii of the involved atoms (3.53 Å). [13] In addition, the N–I 
bond of NIS vary from 2.165–2.196 Å, which are longer than the N–I bond (1.96 Å) of NIS.[ref] In the case of 
NBS-quinuclidine complex 6-5, the angle of N---Br–N is essentially linear at 178.5° and the N---Br bond is 2.21 
Å, which is much shorter than the van der Waals radii of the involved atoms (3.40 Å).[14] 
6.4 Reactivity study of NBS/NIS-quinuclidine complex in halocyclization of olefins 
Modified chinchona alkaloid derivatives are widely used as catalysts in highly enantioselective chloro-, bromo- 
and iodocyclizations.[15] The most commonly used modified chinchona alkaloid derivatives are shown in Figure 
5. All the chinchona alkaloid derivatives feature a quinuclidine moiety. Investigation of the reactivity of the 
quinuclidine complexes 6-4 and 6-5 (stable at room temperature) might provide mechanistic insights into 
chinchona alkaloid-catalyzed halocyclizations.  
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 Figure 5. Selected modified chinchona alkaloid derivatives for halocyclization. 
As model substrates, we decided to use the widely available δ-unsaturated alcohol 6-6 and acid 6-7 to test the 
reactivity of the halogen bonded complexes 6-4/6-5. The δ-unsaturated alcohol 6-6 was first used to demonstrate the 
reactivity of the NBS-quinuclidine complex 6-5 to using NBS alone. The reaction mixture was homogenous after the δ-
unsaturated alcohol 6-6 and complex 6-5 or NBS were mixed in CDCl3. Reaction progress and yield of cyclization of 
the products 6-8 and 6-9 were assayed by 1H NMR integration based on an internal standard (1,2,4,5-
tetrachlorobenzene). In this case of cycloetherification, the reaction speed of the NBS-quinuclidine complex 6-5 
is a little slower to afford 6-8 as compared with NBS. (cf. Figure 6a, black and red curves)  
                                    
a)    b)  
Figure 6. Reactivity of NBS and NBS-quinuclidine complex 6-5: a) unsaturated alcohol 6-6; b) unsaturated alcohol acid 6-7. 
Next, the reactivity of the γ-unsaturated acid 6-7 was assessed with the NBS-quinuclidine complex 6-5 and NBS. 
When NBS was used, the reaction proceeded slowly to give the lactone 6-9, whereas the reaction was dramatically 
faster when the NBS-quinucline complex 6-5 was used, but the reaction suddenly slowed down and finally leveled 
out at 70% yield, leaving the uncyclized acid 6-7 and the unreacted NBS-quinuclidine complex 6-5. (cf. Figure 6b, 
black and red curves) Based on these results, several aspects required further investigation: 1) Why does the NBS-
quinuclidine complex 6-5 react with the acid substrate 6-7 much faster than the alchohol substrate 6-6? (cf. Figure 
6a and Figure 6b); 2) Why does the reaction of the acid substrate 6-7 with complex 6-5 stop at 70%, even when 
NBS-quinuclidine 6-5 and unsaturated acid 6-7 still remain? (Figure 6b). 
First, we considered why the NBS-quinuclidine complex 6-5 reacts with the unsaturated acid 6-7 much faster 
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than unsaturated alcohol 6-6. After a literature study,[15] two possible explanations are proposed in Scheme 2. In one 
case (Scheme 2, Path A), the complex 6-5 can release free NBS and the free quinuclidine in solution. [16] The 
quinuclidine serves as a base to react with the acid substrate 6-7 and forms a more nucleophilic ammonium salt 
6-10, which reacts with NBS and quickly affords 6-9 thereby releasing quinuclidine and succinimide. In order to 
clarify path A as a possibility, a soluble potassium salt of 6-7 was prepared in CDCl3 (unsaturated acid 6-7 with potassium 
carbonate and 18-crown-6) as a mimic of the ammonium salt 6-10, before adding NBS in CDCl3. In this case, the product 
6-9 formed slowly and the soluble potassium salt of 6-7 remainded unreacted over 12 hours. This indicates path A to be 
unlikely. According to Path B (Scheme 2), the unsaturated acid 6-7 first reacts with the NBS-quinuclidine complex 
6-5 to form a hydrogen-bonded-activated intermediate 6-11, which fragments into a reactive N-bromonium 
carboxylate salt 6-12, releasing succinimide, and cylizes to the lactone 6-9 via intramolecular or intermolecular 
mechanisms, releasing quinuclidine as a byproduct. This pathway model is similar to the Lewis base / Lewis acid 
co-catalyzed halocyclization mechanisms reported by Denmark. [17] Here, however, we suggest the Brønsted acid 
activates the halogen-bonded NBS-qunuclidine complex 6-5 to form a reactive “Br+” species via hydrogen 
bonding and, eventually, proton transfer to form succinimide. 
 
Scheme 2. Possible mechanism for unsaturated acid 6-7 reacting with complex 6-5.  
If path B is correct, other Brønsted acids instead of the unsaturated acid  6-7 can also activate the NBS-
quinuclidine complex 6-5 to form a reactive “Br+” species like 6-12. To test this hypothesis, the -unsaturated 
alcohol 6-6 (1.0 equiv.) was used to check the existence of the “Br+” species like 6-12. In fact, when the -
unsaturated alcohol 6-6 was added to the reaction mixture of the NBS-qunuiclidine 6-5 and CH3COOH in CDCl3, 
compound 6-8 formed quantitatively and the starting materials 6 were completely consumed within 10 minutes 
(Figure 6b). The reaction speed dramatically improved compared with only using the NBS-quinuclidine complex 
6-5. (cf. Figure 6b, red and black curves) Further 1H NMR studies were carried out to check the reaction of the 
NBS-quinuclidine complex 6-5 and CH3COOH; for example, when CH3COOH (1.0 equiv.) was added to the 
NBS-qunuclidine complex 5 in CDCl3, we observed the proton signals in complex 5 to quickly shift downfield 
relative to complex 6-5. Especially, we found proton-1 to overlap with the proton of succinimide. (Figure 7a) 
Proton-2 shifted downfield. In addition, a small amount of new species were generated at the same time.  
Based on the reactivity and 1H NMR spectra, the reactive species 6-12 proposed by previous reports cannot be 
confirmed unambiguously. At this stage, our conclusion is that the NBS-qunuclidine complex 6-5 can react with 
Brønsted acids to form in situ reactive “Br+” species. This reasonably explains why complex 6-5 reacts with the 
unsaturated acid substrate 6-7 much faster than the unsaturated alcohol substrate, because the acid substrate 6-7 
can promote the NBS-quinuclidine complex 6-5 to form a reactive “Br+” species. (cf. Figure 6a and Figure 6b) 
The reaction of the unsaturated acid substrate 6-7 with the NBS-quinuclidine complex 6-5 stopped at 70% (Figure 
8) can also be explained by Path B (Scheme 2). Free quinuclidine is thus generated as a byproduct when NBS-
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quinuclidine complex 6-5 is consumed. (Scheme 2, Eq. 9) Quinuclidine can further react with the  acid substrate 
6-7 to form an ammonium salt 6-10. The reaction will thus slow down and finally stop due to the lack of enough 
free acid 6-7 to promote the NBS-quinuclidine complex 6-5 to form a reactive “Br+” species. In fact, when extra 
CH3COOH was added to the reaction mixture, the reaction proceeded until the acid substrate 6-7 was completely 
consumed. (cf. Figure 8, black and red curves) 
 
 
Figure 7. Acid affect on the activation of Quinuclidine-NIS complex 6-5. 
 
 
Figure 8. Acid affect on the activation of Quinuclidine-NBS complex 6-5. 
I further extended this study to the NIS-quinuclidine complex 6-4. When complex 6-4 reacts with the alcohol substrate 
6-6 in CDCl3, almost no reaction occured even after 3h. (Figure 9b, black curve). Based on acid improving the reactivity 
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of the NBS-quinuclidine complex 6-5, CH3COOH (1 equiv.) was added to the NIS-quinuclidine complex 6-5 in CDCl3 in 
order to produce some reactive “I+” species. However, the reaction only accelerated a little compared with the NIS-
quinuclidine 6-5. (cf. Figure 9b, black and red curve) On the reasoning that the NIS-quinuclidine complex 6-4 is more 
stable to the NBS-Qunuclidine complex 6-5, I added a stronger acid to help the complex 6-5 form a reactive “I+” species. 
To our delight, the reaction dramatically accelerated to give the desired iodocycloether in more than 90% yield within 10 
minutes with the addition of ClCH2COOH (pka = 2.9 in water) instead of CH3COOH (pka = 4.8). (cf. Figure 9b, red and 
blue curves).  
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Figure 9. Acid affect on the activation of quinuclidine-NIS complex 6-4.  
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Figure 10. The reaction of ammonium salt 6-16 react with NBS. 
During the study of the reactions of Eq. 10 and Eq. 12, I observed and isolated stoichiometric amounts of ammonium 
salts after the reactions finished. This suggested the possibility that ammonium salts can react with NBS or NIS 
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to form some reactive “X+” species or not. To investigate this possibility, NBS was directly added to the likely 
pre-formed ammonium salt (quinuclidine + CH3COOH) in CDCl3, before adding the unsaturated alcohol 6-9 to 
the reaction mixture. This reaction showed similar speeds in the formation of 6-9 when compared to using the 
NBS-quinuclidine (1 equiv.) / CH3COOH (1 equiv.) reagent system. (cf. Figure 10b, red and purple curves) In 
addition, we observed the same 1H NMR profiles when using the reagent systems of ammonium salt 6-16 / NBS 
as opposed to the NBS-quinuclidine complex 6-5 / CH3COOH. (Figure 10a)  
Having provided evidence that NBS can react with the ammonium salt 6-16 of quinuclidine and CH3COOH to 
generate some sort of reactive “Br+” species, we propose substoichiometric amounts of a sufficiently strong 
Brønsted acid and NXS-quinuclidine complex 6-4 or 6-5 can serve as a catalytic system for the halocyclization of 
6-6 with NBS or NIS. (Scheme 7)  
 
Scheme 7. Proposed catalytic cycle for acid activated complex 6-4 or 6-5. 
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Figure 11. Catalytic amounts of NBS/NIS-Quinuclidine 6-5/6-4 promote halocycloetherification: a) NBS; b) NIS. 
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Compared with complex 6-5 (100%) / CH3COOH (100%), reactions with NBS (100%) / CH3COOH (100%), 
NBS-quinuclidine complex 6-5 or just NBS all proceeded slowly (cf. Figure 8a, green, blue, and black curves 
with the red curve). Next, several separate reactions were carried out using catalytic amounts of NBS-quinuclidine 
complex 6-5 and an acid (Figure 11a): 1) δ-unsaturated alcohol 6-6 (1 equiv.) was dissolved in CDCl3, NBS (0.9 
equiv.) + 10 % quinuclidine complex 5 + CH3COOH (10%) were added collectively in one-portion. We found this 
reaction to show a similar reaction speed as the complex 6-5 (1.0 equiv.) + CH3COOH (1.0 equiv.). (cf. Figure 8a, 
purple and red curves); 2) When quinuclidine (0.1 equiv.) + CH3COOH (0.1 equiv.) + NBS (1 equiv.) were used, 
we obtained a similar speed compared to using stoichiometric complex 6-5 / CH3COOH; (cf. Figure 11a, yellow 
and red curves); 3) When the pre-formed ammonium salt (10%) + NBS (100%) were used, a similar reaction 
speed was obtained to using stoichiometric complex 6-5 / CH3COOH. (cf. Figure 11a, cyan and red curves). In the 
case of the NIS-quinuclidine complex 6-4, the only difference to the NBS-quinuclidine complex 6-5 was that a 
stronger acid (ClCH2COOH) was needed, instead of CH3COOH. (Figure 11b) Based on all the reactions in Figure 
9, a substoichiometric amount of complex 6-4 or 6-5 in combination with a substoichiometric amount of acid can 
serve as an efficient catalytic system for halocyclization of the δ-unsaturated alcohol 6-6 with NBS or NIS, whether 
the complex 6-4 and 6-5 is pre-formed or formed in-situ. 
 
 
Figure 12. Catalytic amounts of NBS/NIS-Qunuclidine 6-5/6-4 promotes halolactonization: a) NBS; b) NIS. 
Finally, the unsaturated acid 6-7 was studied with NBS and NIS complexes 6-5 and 6-4, respectively. Here, 
there was no need to add extra acid, because compound 6-7 serves as a Brønsted acid itself. First, the NBS-
quinuclidine complex 6-4 and NBS were investigated (Figure 12a): 1) The reaction stopped at 70% with only the 
addition of the NBS-qunuclidine complex 6-4 (100%); 2) When NBS-quinuclidine complex 6-4 (10%) + NBS 
(90%) were added in one-portion to a solution of compound 6-7, the lactone 6-9 was produced in more than 90% 
within 10 min; 3) When quinuclidine (10%) + NBS (100%) were used, similar results were obtained compared to 
using complex 6-5 (10 %) / NBS (100%). (cf. Figure 12a, blue and black curves) Similar results were observed in 
the case of the NIS-quinuclidine complex 6-4 and NIS. (Figure 12b). 1) Only NIS used, the reaction slowly 
proceed; 2) The reaction stopped at 50% with only the addition of the NBS-qunuclidine complex 6-4 (100%); 3) 
When catalytic amount of NIS-quinuclidine complex 6-5 or quinuclidine used, the reaction quickly proceeded and 
finised within 10 minutes. 
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6.5 Conclusion 
In this chapter, I characterized several novel halogen bonded complexes between various amines and NBS or 
NIS. The bonding character of this complex was achieved through NMR and X-ray structural studies. A systematic 
examination of the Brønsted acid affect of NBS/NIS-quinuclidine complexes 6-5/6-4 on the rate of 
halofunctionalization reactions was conducted. We found the cyclization reaction  of unsaturated acids and 
alcohols with NBS and NIS were dramatically accelerated by adding Brønsted acids, especially ClCH2COOH was 
needed in the case of the NIS-quinuclidine complex 6-4 (which is more stable than the NIS-quinuclidine complex 
6-5, which can be activated using a weaker acid CH3COOH).  
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Chapter 7. Conclusion 
In this thesis, I studied and developed efficient ways to construct different types of amide and peptide bonds using O2 under 
mild reaction conditions. In addition, the structure and reactivity of halogen bonded complexes between amines and 
NIS/NBS were investigated in a systematic and detailed fashion. 
In Chapter 2, a direct oxidative method was developed to make amide and peptide bonds between widely available 
primary nitroalkanes 1 and amines 2 simply by using I2 and K2CO3 under O2. (Scheme 1) The method is straightforward 
in operation, chemoselective in functional group tolerance, and stereochemically robust to potentially epimerizable 
substrates. Importantly, a whole range of primary nitroalkane starting materials for this reaction method can be readily 
prepared in chiral form via a plethora of asymmetric methods.  
 
Scheme 1. Halogen bonded complex between NIS/NBS and amine. 
In Chapter 3, I systematically investigated the oxidative mechanism and possible intermediates. I observed and isolated 
the -iodonitroalkane intermediate 5, which further reacts with an iodonium source to form -diiodonitroalkane 6. In 
particular, my evidence supports -diiodonitroalkane 6 reacting with molecular oxygen to form a peroxy adduct 8; 
alternatively, this -diiodonitroalkane 6 can rearrange anaerobically into a cleavable nitrite ester 7. In either case, the 
activated ester 9 are proposed form, which eventually react with nucleophilic amines to form the amide 10. In addition, the 
generation of an extra equimolar amount of “I+” under O2 during the conversion of the -diiodonitroalkane 6 to the 
activated ester intermediate 9 is proposed. 
 
Scheme 2. Halogen bonded complex between NIS/NBS and amine. 
In chapter 4, during mechanistic studies, I identified I− as an  efficient autocatalyst to forming the acyl ester 9 from the 
-diiodonitroalkane 6; this acylating ester 9 can further react with an amine or MeOH to give an amide or ester. I thus 
developed a new and rapid I2/O2-based method to synthesize sterically hindered esters from primary nitroalkanes by in-
situ iodide-mediated catalysis. (Scheme. 3) 
 
Scheme 3. Halogen bonded complex between NIS/NBS and amine. 
In chapter 5, an efficient method for amide and peptide 13 formation between readily available 1,1-dicyanoalkanes 12 
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and amines was realized simply with molecular oxygen and a carbonate base. This oxidative protocol can be applied to 
both sterically and electronically challenging substrates in a highly chemoselective, practical, and rapid manner. 
Mechanistic studies support an initial SET pathway between the anion 14 of the -substituted malononitrile 12 and O2 to 
form an -peroxide adduct 15 as a precursor to the dioxirane intermediate 16, which generates acyl cyanide intermediates 
(Scheme 4). 
 
Scheme 4. Halogen bonded complex between NIS/NBS and amine. 
In chapter 6, I observed, prepared and isolated a stable halogen bonded complex between NIS/NBS and quinuclidine. I 
further found the halogen bonded complex to be very stable at r.t., which showed low reactivity for halo-cycloetherification 
from 18 to 19, but once acid was added, the reactivity improved dramatically. (Scheme 5) 
 
Scheme 5. Halogen bonded complex between NIS/NBS and amine. 
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Experiment Part 
Chapter 2 
2.1 General Information 
Glassware was oven-dried at 120 °C for all non-aqueous reactions. All reagents and solvents were commercial grade and 
purified prior to use when necessary. Acetonitrile (CH3CN), toluene, and tetrahydrofuran (THF) were dried by passage 
through a column of activated alumina. 
Analytical thin-layer chromatography (TLC) was performed using E. Merck Silica gel 60 F254pre-coated plates. Column 
chromatography was performed using 40-50 μm Silica Gel 60N (Kanto Chemical Co., Inc.). 1H-NMR (400 MHz) and 13C-
NMR (100 MHz) spectra were recorded on an Agilent 400MR spectrometer. Chemical shifts are reported in (ppm) down 
field from tetramethylsilane with reference to solvent signals [1H NMR: CHCl3 (7.26), 6d-DMSO (2.50); 13C NMR: CDCl3 
(77.16), 6d-DMSO (40.00)]. Signal patterns are indicated as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, 
broad peak, coupling constant (Hz), integration and assignment. Infrared (IR) spectra were recorded on a PERKIN ELMER 
Spectrum BX FT-IR System spectrometer. Optical rotations ([α]𝐷 ) were measured on a JASCO P-2200 polarimeter. High 
resolution mass spectra were measured on Themo Fisher Scientific Orbitrap Discovery (ESI LTQ Orbitrap). HPLC analysis 
was performed on a HITACHI Elite LaChrom Series HPLC, and UV detection was monitored at appropriate wavelength, 
respectively, using CHIRALPAK IC (0.46 cm × 25 cm), CHIRAL- CELOD-H (0.46 cm × 25 cm), CHIRALPAK IE (0.46 
cm × 25 cm). CHIRALPAK AD (0.46 cm × 25 cm). 
2.2 Preparing starting materials 
 
Scheme S-1. Synthesis of nitroalkane 2-1a 
S-1: To a stirred mixture of 3-phenylpropanal (9.85 mL, 75 mmol) and nitromethane (16.05 mL, 300 mmol) in CH2Cl2 (15 
mL) under Ar at 0 °C was added NEt3 (52 mL, 375 mmol) through a dropping funnel over 30 min. The reaction was 
allowed to warm to R.T. and monitored by TLC until the aldehyde disappeared; 100 mL 1N HCl was then added slowly 
and stirring continued for 5min. The reaction was extracted with CH2Cl2 (100 mL×2) and the combined organic phase was 
washed with brine and dried over anhydrous MgSO4. After filtering off solids, the solvent was evaporated to give a dark 
yellow solid, which was further purified through silica gel chromatography (hexane/EA = 3/1) to afford S-1 as white solid 
(12.2 g, 84%). 
S-2: To a stirred solution of S-1 (12.0 g, 62.8mmol) in CH2Cl2 (330 mL), cooled to -35 °C under Ar, MeSO2Cl (5.8 mL, 
75.4 mL) was added over 3 min. Then NEt3 (21.1 mL, 150.8 mmol) was added dropwise over 10 min and quenched with 
1N HCl, then allowed to warm to R.T and extracted with CH2Cl2 (50 × 2mL).The combined organic layers were washed 
with brine (10 mL), dried (MgSO4), filtered and concentrated under reduced pressure to give crude S2, which was further 
purified by silica gel chromatography to obtain S-2 (10.0 g, 90%) as a clear oil. 
2-1a: To a stirred solution of S-2 (56.5 mmol) in THF/Methanol (10/1, 560 mL) at 0 °C under Ar was added NaBH4 (2.12 
g, 56.5 mmol) in 3 portions, quenched with sat. aq NaHCO3 (10 mL) and extracted with EtOAc (3×10 mL) after 40 min. 
The combined organic layers were washed with brine (10 mL), dried (MgSO4), filtered and concentrated under reduced 
pressure to give crude 2-1a, which was further purified by silica gel chromatography (hexane/EA=7/1) to obtain a clear oil 
(7.1 g, 71%). 
1H NMR (CDCl3, 400 MHz): δ 1.69-1.77 (m, 2H), 2.00-2.08 (m, 2H), 2.68 (t, J = 7.2 Hz, 2H), 4.38 (t, J = 6.8 Hz, 2H), 
7.16-7.32 (m, 5 H). 
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13C NMR (CDCl3, 100 MHz): δ 26.96, 28.00, 35.12, 75.62, 126.28, 128.48, 128.63, 141.15. 
 
Scheme S-2. Synthesis of compound 1b 
S-3:[1]To a well-stirred solution of NaNO2 (4.15 g, 60.0 mmol) and acrolein (2.8 g, 50.0 mmol) in a mixture of H2O (10 
mL) and THF (20 mL) was slowly added glacial acetic acid (3.3 g, 55.0 mmol) at 0 ºC under Ar. The resulting mixture 
was stirred at 0 ºC for 4 h, quenched with sat. NaHCO3 solution (10 mL) and extracted with EtOAc (3×10 mL). The 
combined organic layers were washed with brine (10 mL), dried (MgSO4), filtered and concentrated under reduced pressure 
to give crude S-3 (4.58) as a clear oil. 
2-1b: The crude S-3 was dissolved in 50 mL of methanol, cooled to 0 ºC, then NaBH4 was added slowly, stirred for 10 min 
and evaporated before water was added and extracted with EtOAc. The combined organic layers were dried (MgSO4), 
filtered and concentrated under reduced pressure to give crude 1b, which was further purified by silica gel chromatography 
to give 2-1b (4.0 g, 70%) as an oil. The spectroscopic data are consistent with those reported in the literature.[1] 
1H NMR (CDCl3, 400 MHz): δ 2.21-2.27 (m, 2H), 3.77 (t, J = 6.0 Hz, 2H), 4.54 (t, J = 6.8 Hz, 2H). 
13C NMR (CDCl3, 100 MHz): δ 29.93, 59.11, 72.62. 
 
Scheme S-3.Synthesis of nitroalkane 1c. 
Methyl 5-nitropentanoate 1c:[2] To a stirred solution of methyl acrylate (1.72 g, 20 mmol) in MeNO2 (60 mL) was added 
Triton-B (0.2 mL, 40 wt % solution in MeOH) at 25 °C, stirred for 12 h, and then concentrated under reduced pressure to 
ca. 5mL. Et2O (10 mL) was added, and the mixture was washed with water (10 mL×2), saturated aqueous NaCl solution 
(20 mL) and then dried over MgSO4. The mixture was concentrated in vacuum to give crude Methyl 4-nitrobutanoate as a 
light yellowish liquid, then purified by silica gel chromatography to give 1c (2.25 g, 70 %). The spectroscopic data are 
consistent with those reported in the literature.[2] 
1H NMR (CDCl3, 400 MHz): δ 2.26-2.33 (m, 2H), 2.46 (t, J = 6.8 Hz, 2H), 3.67 (s, 3H), 4.46 (t, J = 6.4 Hz, 2H). 
13C NMR (CDCl3, 100 MHz): δ 22.45, 30.32, 52.00, 74.42, 172.41. 
 
Scheme S-4. Synthesis of compound R-1[3] 
To a mixture of the corresponding α-amidosulfone (20.0mmol) and N-benzylquininium chloride (Cat. A, 1.08g, 2.6mmol) 
in toluene (60mL) was added CH3NO2 (5.3 mL, 100mmol) and, after cooling to -50 °C, CsOH⋅H2O (4.3 g, 22mmol) was 
then added. The reaction mixture was stirred under an Argon atmosphere at the same temperature for 40 hours. The mixture 
was quenched with HCl (50 mL, 0.1 N) and extracted with CH2Cl2 (50×2mL). The organic layer was washed with HCl (10 
×2 mL, 0.1 N), dried over MgSO4, and concentrated under reduced pressure. The crude product was purified by flash 
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column chromatography (ethyl acetate/hexane = 5/1) to give (R)-2-1 (3.67 g, 70 %; after recrystallization, ee > 98%). The 
enantiomeric ratio was determined by HPLC analysis using a Daicel Chiralpak IC column (Hex/i-Pr = 19/1, 1 mL /min, 
20 °C, 210 nm, tminor = 25.8 min, tmajor = 15.0 min). The spectroscopic data are consistent with those reported in the literature. 
1H NMR (CDCl3, 400 MHz): δ 1.44 (s, 9H), 4.67-4.71 (m, 1H), 4.83 (br s, 1H), 5.36 (br s, 1H), 7.29-7.40 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.37, 52.99, 79.04, 80.80, 126.46, 128.81, 129.31, 137.04, 154.89. 
 
Scheme S-5. Synthesis of compound 2-13 
S-4:[4] To a MeOH solution of cinnamaldehyde (4.0 g, 30 mmol) under Ar was added benzoic acid (244 mg, 2 mmol, 10 %) 
and nitromethane (3.2 mL, 60 mmol), then catalyst (640 mg, 6mmol, 10 %), stirred at R.T. for 24 h, then quenched by sat. 
NaHCO3 solution, extracted with EtOAc, and the collected organic phases were dried over anhydrous MgSO4. Filtration 
and solvent evaporation afforded a crude product, which was further purified by silica gel chromatography (Hex/EA = 5/1) 
to afford S-4. 
S-5: Under Ar, S-4 (4.96 g, 26 mmol) was dissolved in tBuOH:H2O (3:1, 52 mL) and then cooled to 0ºC, 
NaH2PO4•2H2O(8.01 g, 2.0 eq.) was added, followed by 2-methyl-2-butene (10.08 mL, 4.0 eq.) and NaClO2(6.96g, 3.0 
eq.). The ice bath was removed, and the reaction was stirred for 2 hr, then quenched by sat. NH4Cl solution and extracted 
with EtOAc. The combined organic phases were dried over anhydrous MgSO4, filtered, the solvent evaporated, and the 
crude product purified via silica gelchromatography to give the carboxylic acid S-5. 
(S)-methyl 4-nitro-3-phenylbutanoate 2-13: Under Ar, S-5 (3.78 g, 18 mmol) was dissolved in CH2Cl2 (180 mL) and 
MeOH (7.3 mL) was added. The reaction mixture was cooled to 0ºC and EDC•HCl (3.8 g, 19.6 mmol) was added, followed 
by DMAP (0.22 g, 1.8 mmol). After 1.5 hr, the reaction was quenched with sat. NH4Cl solution, extracted with Et2O and 
the combined organic phases were dried over anhydrous MgSO4, filtered and evaporate to afford the crude product, which 
was purified by silica gel chromatography (Hex/EA = 5/1) and recrystallized (yield = 80 %, ee % > 98 %). Enantiomeric 
ratio was determined by using a Daicel Chiralpak IC HPLC column (Hex/i-Pr = 19/1, 1 mL/min, 20 °C, 210 nm, tminor = 
20.13 min, tmajor = 21.30 min). 
1H NMR (CDCl3, 400 MHz): 2.75-2.77 (m, 2H), 3.62 (s, 3H), 3.97 (quint, J = 7.6 Hz, 1H), 4.63 (dd, J = 12.8, 8 Hz, 1H), 
4.72 (dd, J = 12.8, 7.2 Hz, 1H), 7.19-7.35 (m, 5H). 
13C NMR (CDCl3, 100 MHz): 37.67, 40.30, 52.10, 79.53, 127.43, 128.21, 129.24, 138.43, 171.21. 
IR (neat): 2954, 1737, 1555, 1496, 1436, 1378, 1171, 1004, 766, 700 cm-1. 
HRMS (ESI) m/z calcd. for C11H13NNaO4 (M+Na)+ 246.0737; found: 246.0740. 
[α]𝐷
 20-15.6 (c 1.30, CHCl3). 
2.3 Characterization of amide and peptide products 
General procedure: 
Procedure A: To a reaction tube, the nitro-alkane (0.2 mmol), amine (0.2 mmol), dry CH3CN (2 mL) were mixed and put 
under an O2-balloon atmosphere. After cooling to 0 °C, NIS (0.2 mmol) and K2CO3 (0.4 mmol) were added under fast, but 
smooth stirring. After the nitroalkane disappeared by TLC monitoring, CHCl3 or ethyl acetate was added to the reaction 
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and the precipitate filtered through a short silica gel column with additional solvent then washed by sat. Na2S2O3. The 
combined organic solution was dried over anhydrous magnesium sulfate, the solvent removed in vacuo and the crude 
product purified by silica gel chromatography to give the pure amide product. 
Procedure B: To a reaction tube, nitro-alkane (0.2 mmol), amine (0.4mmol), dry THF/Toluene = 1:1(v/v) (2 mL) were 
mixed and put under an O2-balloon atmosphere. Keep the reaction stirring at R.T., K2CO3 (0.4 mmol) and I2 (0.2 mmol) 
were added sequentially. Upon complete consumption of starting nitroalkane by TLC monitoring, CHCl3 or ethyl acetate 
was added to the reaction and the precipitate filtered through a short silica gel column with additional solvent then washed 
by sat. Na2S2O3. The combined organic solution was dried over anhydrous magnesium sulfate, the solvent removed in 
vacuo and the crude product purified by silica gel chromatography to give the pure amide product. 
 
(R)-tert-butyl 4-(allylamino)-4-oxo-3-phenylbutanoate(2-7) 
Following the Procedure A, white solid, yield = 66 %. 
1H NMR (400 MHz, CDCl3): δ 1.40 (s, 9H), 3.83-3.86 (m, 2H), 4.98-5.06 (m, 2H), 5.16 (br s, 1H), 5.69-5.79 (m, 1H), 
5.84 (br s, 1H), 5.92 (br s, 1H), 7.30-7.35 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.43, 42.06, 58.62, 80.19, 116.44, 127.31, 128.45, 129.11, 133.72, 138.60, 155.34, 
170.18. 
IR (neat): 3312, 2976, 1700, 1654, 1522, 1497, 1364, 1249, 1169, 697. 
HRMS (ESI): m/z calcd. for C27H34N2NaO6 (M+Na)+ 313.1523; found:313.1555. 
[α]𝐷
 20-97.1 (c 1.5, CHCl3). 
 
(R)-tert-butyl (2-oxo-1-phenyl-2-(prop-2-yn-1-ylamino)ethyl)carbamate(2-8) 
Following the Procedure A, white solid, yield = 54 %. 
1H NMR (400 MHz, CDCl3): δ 1.41 (s, 9H), 2.19 (t, J = 2.4 Hz, 1 H), 3.94(ddd, J = 2.4, 5.2, 8.0 Hz, 1H), 4.07 (ddd, J = 
2.8, 6.0, 8.4 Hz, 1H), 5.21 (br s, 1H), 5.80 (br s, 1H), 6.31(br s, 1H), 7.29-7.36 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.30, 29.42, 58.36, 71.87, 78.90, 80.26, 127.23, 128.43, 129.01, 137.86, 155.19, 169.96. 
IR (neat): 3311, 2976, 1700, 1658, 1528, 1497, 1367, 1251, 1169, 698 cm-1. 
HRMS (ESI): m/z calcd. for C27H34N2NaO6 (M+Na)+ 311.1366; found: 311.1392. 
[α]𝐷
 20-103.0 (c 1.00, CHCl3). 
 
N,N-diethyl-3-hydroxypropanamide(2-9) 
Following the Procedure A, colorless oil, yield = 65 %. 
1H NMR (400 MHz, CDCl3): δ 1.10-1.19 (m, 6H), 2.52 (t, J = 5.2 Hz, 2H), 3.26-3.41 (m, 4H), 3.69 (br s, 1H), 3.86 (t, J 
= 5.2 Hz, 2H). 
13C NMR (CDCl3, 100 MHz): δ 13.16, 14.16, 34.65, 40.14, 41.96, 58.90, 171.94. 
IR (neat): 3417, 2973, 1621, 1454, 1144, 1064 cm-1. 
HRMS (ESI) m/z calcd. for C7H15NNaO2 (M+Na)+ 168.0995; found: 168.1002. 
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 Methyl 4-(diethylamino)-4-oxobutanoate(2-10) 
Following the Procedure A, colorless oil, yield = 71 %. 
1H NMR (400 MHz, CDCl3): δ 1.09 (t, J = 7.2 Hz, 3H), 1.18 (t, J = 7.2 Hz, 3H),2.58-2.62 (m, 2H), 2.64-2.68 (m, 2H), 
3.31-3.38 (m, 4H), 3.67 (s, 3H). 
13C NMR (CDCl3, 100 MHz): δ 13.17, 14.24, 28.02, 29.36, 40.41, 41.91, 51.81, 170.33, 173.91. 
IR (neat): 2975, 1738, 1643, 1436, 1365, 1223, 1172, 1142 cm-1. 
HRMS (ESI) m/z calcd. for C9H17NNaO3 (M+Na)+ 210.1101; found: 210.1131. 
 
N-diethyl-4-phenylbutanamide(2-11a) 
Following the Procedure A; colorless oil, yield = 75 %. 
1H NMR (400 MHz, CDCl3): δ 1.09-1.13 (m, 6H), 1.99 (quint, J = 7.6 Hz, 2H), 2.30 (t, J = 7.6 Hz, 2H), 2.68 (t, J = 7.6 
Hz, 2H), 3.23 (q, J = 7.2 Hz, 2H), 3.37 (q, J = 7.2 Hz, 2H), 7.16-7.30 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 13.09, 14.28, 26.82, 32.17, 35.31, 40.05, 41.88, 125.81, 128.29, 128.48, 141.85, 171.83. 
IR (neat): 2934, 1713, 1555, 1495, 1453, 1349, 749, 700 cm-1. 
HRMS (ESI) m/z calcd. for C14H22NO (M+H)+ 220.1696; found: 220.1699. 
 
N-(tert-butyl)-4-phenylbutanamide(2-11b) 
Following the Procedure A, colorless oil, yield = 51 %. 
1H NMR (400 MHz, CDCl3): δ 1.33 (s, 9H), 1.90-1.98 (m, 2H), 2.08 (t, J = 7.6 Hz, 2H), 2.64 (t, J = 7.6 Hz, 2H), 5.23 (br 
s, 1H), 7.16-7.20 (m, 3H), 7.25-7.29 (m, 2 H). 
13C NMR (CDCl3, 100 MHz): δ27.24, 28.95, 35.22, 36.87, 51.20, 126.02, 128.47, 128.62, 141.77, 172.13. 
IR (neat): 3310, 2965, 1645, 1549, 1453, 1363, 1225, 744, 698. 
HRMS (ESI) m/z calcd. C14H21NNaO (M+Na)+ 242.1515; found: 242.1523. 
 
N-allyl-4-phenylbutanamide(2-11c) 
Following the Procedure A, colorless oil, yield = 77 %. 
1H NMR (400 MHz, CDCl3): δ 1.93-2.08 (m, 2H), 2.18 (t, J = 7.6 Hz), 2.65(t, J = 7.6 Hz), 3.84-3.87(m, 2H), 5.09-5.18(m, 
2H), 5.52 (br s, 1H), 5.76-5.86 (m, 1H), 7.15-7.28 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 27.22, 35.31, 35.97, 42.01, 116.51, 126.09, 128.51, 128.61, 134.42, 141.59, 172.60. 
IR (neat): 3287, 3083, 2925, 1643, 1547, 1496, 1454, 1257, 989, 920, 745, 699. 
HRMS (ESI): m/z calcd. for C13H17NNaO (M+Na)+ 226.1202; found: 226.1211. 
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4-phenyl-N-(prop-2-yn-1-yl)butanamide(2-11d) 
Following the Procedure A, colorless oil, yield = 60 %. 
1H NMR (400 MHz, CDCl3): δ 1.95-2.03 (m, 2H), 2.19 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 2.4 Hz, 1H), 2.66 (t, J = 7.6 Hz, 
2H), 4.06 (q, J = 2.4 Hz, 2H), 5.54 (br s, 1H), 7.17-7.31 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 26.82, 29.06, 35.02, 35.41, 71.48, 79.55, 125.95, 128.36, 128.44, 141.29, 172.38. 
IR (neat): 3288, 2928, 1648, 1541, 1496, 1453, 1420, 1253, 1147, 1029, 746, 700 cm-1. 
HRMS (ESI): m/z calcd. for C27H34N2NaO (M+Na)+ 224.1046; found:224.1045. 
 
N-benzyl-N-methyl-4-phenylbutanamide(2-11e) 
Following the Procedure A, colorless oil, yield = 58 % (A mixture of two rotamers A and B). 
1H NMR (400 MHz, CDCl3): δ 1.97-2.07 (m, 2H, A+B), 2.38 (t, J = 7.6 Hz, 2H), 2.64-2.73 (m, 2H, A+B), 2.85 (s, 3aH, 
A), 2.95 (s, 3bH, B), 4.67 (s, 2bH, B), 4.59 (s, 2aH, A), 7.10-7.37 (m, 10H, A+B). 
13C NMR (CDCl3, 100 MHz): δ 26.51(A), 26.69(B), 32.17(B), 32.55(A), 33.93(B), 34.68 (A), 35.20(B), 35.24(A), 
50.69(A), 53.25 (B), 125.79, 125.83, 126.23, 127.24, 127.50, 127.95, 128.27, 128.30, 128.40, 128.46, 128.51, 128.84, 
136.60, 137.40, 141.64, 141.68, 172.82(A), 173.19(B). 
IR (neat): 3025, 2927, 1646, 1495, 1452, 1403, 1116, 1028, 745, 699 cm-1. 
HRMS (ESI): m/z calcd. for C18H21NNaO (M+Na)+ 290.1515; found: 290.1525. 
 
4-phenyl-N-(1-phenylethyl)butanamide(11f) 
Following the Procedure A, colorless oil, yield = 65%. 
1H NMR (400 MHz, CDCl3): δ 1.48 (d, J = 6.8 Hz, 3H), 1.94-2.01 (m, 2H), 2.15- 2.19 (m, 2H), 2.64 (t, J = 7.2 Hz, 2H), 
5.15 (m, 1H), 5.56 (br s, 1H), 7.14-7.36 (m, 10H). 
13C NMR (CDCl3, 100 MHz): δ 21.64, 27.03, 35.06, 35.85, 48.55, 125.89, 126.12, 127.30, 128.32, 128.44, 128.60, 141.41, 
143.16, 171.67. 
IR (neat):3292, 3027, 2929, 1643, 1538, 1495, 1453, 1377, 745, 698 cm-1. 
HRMS (ESI): m/z calcd. for C18H21NNaO (M+Na)+ 290.1515; found: 290.1525. 
 
N-(3-hydroxypropyl)-4-phenylbutanamide(2-11g) 
Following the Procedure A, white solid, yield = 67 %. 
1H NMR (400 MHz, CDCl3): δ 1.61-1.67 (m, 2H), 1.92-1.99 (m, 2H), 2.18 (t, J = 7.2 Hz, 2H), 2.64 (t, J = 7.6 Hz, 2H), 
3.38 (q, J = 6.0 Hz, 2H), 3.60 (t, J = 5.6, 2H), 5.86 (br s, 1H), 7.14-7.19 (m, 3H), 7.24-7.28 (m, 2H). 
13C NMR (CDCl3, 100 MHz): δ 27.29, 32.46, 35.31, 35.94, 36.33, 59.38, 126.15, 128.55, 128.61, 141.49, 174.24. 
IR (neat): 3299, 2938, 1644, 1556, 1454, 1070, 700 cm-1. 
HRMS (ESI)m/z calcd. for C13H19NNaO2 (M+Na)+ 244.1308; found: 244.1311. 
 
(S)-methyl 3-phenyl-2-(4-phenylbutanamido)propanoate(2-11h) 
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Following the Procedure A, white solid, yield = 58 %. The enantiomeric ratio was determined by HPLC analysis using 
Daicel Chiralpak IE column (Hex/i-Pr = 10/1, 2 mL /min, 20 °C, 210 nm, tmajor = 11.09 min, tminor = 13.89 min). 
1H NMR (400 MHz, CDCl3): δ 1.90-1.97 (m, 2H), 2.17 (t, J = 7.2 Hz, 2 H), 2.61 (t, J = 7.2 Hz, 2H), 3.08(dd, J = 5.6, 13.6 
Hz, 1H), 3.16 (dd, J = 6.0, 14 Hz, 1H), 3.73 (s, 3H), 4.91 (dd, J =6.0, 14.0 Hz, 1 H), 5.82 (br d, J = 8.0 Hz, 1H), 7.07-7.29 
(m, 10 H). 
13C NMR (CDCl3, 100 MHz): δ 26.87, 34.98, 35.55, 37.87, 52.30, 52.89, 125.92, 127.11, 128.35, 128.45, 128.56, 129.19, 
135.81, 141.36, 172.14, 172.24. 
IR (neat): 3297, 3027, 2950, 1745, 1648, 1540, 1496, 1454, 1436, 1215, 746, 700 cm-1. 
HRMS (ESI): m/z calcd. for C20H23NNaO3 (M+Na)+ 348.1570; found: 348.1586. 
[α]𝐷
 2066.8 (c 0.90, CHCl3). 
 
N-Boc-Phenylglycine-(L)Phe-OMe(R,S-2-3) 
Following the Procedure B, white solid, yield = 68 %. The enantiomeric ratio was determined by HPLC analysis using 
Daicel Chiralpak OD/H column (Hex/i-Pr = 19/1, 0.5 mL /min, 20 °C, 210 nm, tminor = 18.30 min, tmajor= 21.28 min). 
1H NMR (400 MHz, CDCl3): δ 1.39 (s, 9H), 2.94-2.97 (m, 2H), 3.69 (s, 3H), 4.87-4.91 (m, 1H), 5.11 (br s, 1H), 5.79 (br 
s, 1H), 6.13 (br s, 1H), 6.62 (d, J = 6.8 Hz, 2H), 7.03-7.37 (m, 8H). 
13C NMR (CDCl3, 100 MHz): δ 28.27, 37.59, 52.40, 52.99, 58.58, 80.00, 126.96, 127.16, 127.26, 128.38, 128.47, 128.60, 
129.07, 129.13, 135.05, 138.36, 154.93, 169.36, 171.32. 
IR (neat): 3318, 2977, 1743, 1662, 1497, 1456, 1366, 1050, 731, 699. 
HRMS (ESI): m/z calcd. for C27H34N2NaO6 (M+Na)+ 435.1890; found:435.1900. 
[α]𝐷
 20-1.9 (c 1.00, CHCl3). 
 
N-Boc-Phenylglycine-(D)Phe-OMe (R,R-2-3) 
Following the Procedure B, white solid, yield =67 %. 
The enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak OD/H column (Hex/i-Pr = 19/1, 1 mL 
/min, 20 °C, 210 nm, tminor = 21.23 min, tmajor = 18.33min). 
1H NMR (400 MHz, CDCl3): δ 1.42 (s, 9H), 3.06 (dd, J = 14.0, 6.0 Hz, 1H ), 3.16 (dd, J = 14.0, 5.6 Hz, 1H), 3.64 (s, 3H), 
4.80 (ddd, J = 7.6, 6.0, 6.0 Hz, 1H), 5.10 (br s, 1H), 5.65 (br s, 1H), 6.21 (br s, 1H), 7.04-7.06 (m, 2H), 7.26-7.35 (m, 8H). 
13C NMR (CDCl3, 100 MHz):δ 28.40, 37.81, 52.42, 53.58, 58.88,80.28, 127.30, 127.32, 128.53, 128.74, 128.93, 129.10, 
129.37, 135.70, 137.84, 155.15, 169.86, 171.45. 
[α]𝐷
 20-93.0 (c 1.15, CHCl3). 
 
N-Boc-Phenylglycine-Leu-OMe(2-12a) 
Following the Procedure B, white solid, yield = 64 %. 
1H NMR (400 MHz, CDCl3): δ 0.77 (d, J = 6.54 Hz, 6H), 1.40 (s, 9H), 1.25-1.46 (m, 2H), 1.56 (ddd, J = 14.0, 8.4, 5.2 Hz 
1H), 3.72 (s, 3H), 4.59 (ddd, J = 9.2, 9.2, 4.8 Hz, 1H), 5.17 (br s, 1H), 5.75 (br s, 1H), 6.25 (d, J = 8.8 Hz, 1H), 7.27-7.37 
(m, 5H). 
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13C NMR (CDCl3, 100 MHz): δ 21.72, 22.83, 24.72, 28.38, 41.34, 50.93, 52.53, 58.81, 80.23, 127.34, 128.52, 129.12, 
138.43, 169.96, 173.31. 
IR (neat): 3316, 2957, 1744, 1717, 1682, 1522, 1496, 1367, 1246, 1169 cm-1. 
HRMS (ESI): m/z calcd. for C27H34N2NaO6 (M+Na)+ 401.2047; found:401.2051. 
[α]𝐷
 20-79.9 (c 1.00, CHCl3). 
 
N-Boc-Phenylglycine-Val-OMe(2-12b) 
Following the Procedure B, white solid, yield =67%. 
1H NMR (400 MHz, CDCl3): δ 0.66 (d, J = 7.2 Hz, 3H), 0.72 (d, J = 7.2 Hz, 3 H), 1.39 (s, 9H), 2.03-2.08 (m, 1H), 3.72 
(s, 3H), 4.53 (dd, J = 8.8, 4.8 Hz, 1H), 5.13 (br s, 1H), 5.69 (br s, 1H), 6.19 (br d, J = 8.0 Hz, 1H), 7.28-7.40 (m, 5 H). 
13C NMR (100 MHz, CDCl3): δ 17.40, 18.87, 28.42, 31.49, 52.40, 57.16, 59.16, 80.29, 127.35, 128.60, 129.22, 138.60, 
155.12, 169.99, 172.23. 
IR (neat): 3322, 2977, 2934, 1723, 1673, 1497, 1392, 1367, 1240, 1167, 1083 cm-1. 
HRMS (ESI): m/z calcd. for C19H28N2NaO5 (M+Na)+ 387.1890; found: 387.1892. 
[α]𝐷
 20-48.0 (c 0.96, CHCl3). 
 
N-Boc-Phenylglycine-Ala-OBut(2-12c) 
Following the Procedure B, white solid, yield = 67 %. 
1H NMR (400 MHz, CDCl3): δ 1.23 (d, J = 7.2 Hz, 3H), 1.39 (s, 9H), 1.43 (s, 9H), 4.38-4.45 (m, 1H), 5.13 (br s, 1H), 
5.71 (br d, J = 2.4 Hz, 1H), 6.29 (br d, J = 7.2 Hz, 1H), 7.27-7.38 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 18.41, 28.06, 28.41, 49.02, 58.74, 80.16, 82.40, 127.38, 128.46, 129.15, 138.52, 155.17, 
169.47, 171.96. 
IR (neat): 3418, 2976, 1747, 1713, 1650, 1486, 1434, 1366, 1170, 1056, 1024. 
[α]𝐷
 20-63.1 (c 0.95, CHCl3). 
 
N-Boc-Phenylglycine-Thr(OBut)-OBut(2-12d) 
Following the Procedure B, sticky oil, yield = 71 %. 
1H NMR (400 MHz, CDCl3): δ 0.86 (d, J = 6.0 Hz, 3H), 1.05 (s, 9H), 1.40 (s, 9H), 1.44 (s,9H), 4.07-4.12 (m, 1H), 4.27 
(dd, J = 8.8, 2.0 Hz, 1H), 5.17 (br s, 1H), 5.73 (br s, 1H), 6.47 (br d, J = 8.0 Hz, 1H), 7.24-7.41 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 20.60, 28.22, 28.44, 28.75, 58.59, 59.11, 67.33, 73.80, 80.06, 82.13, 127.37, 128.37, 
129.08, 138.73, 155.04, 169.67, 170.23. 
HRMS (ESI): m/z calcd. forC25H40N2NaO6(M+Na)+ 487.2779; found: 487.2788. 
[α]𝐷
 20-34.7 (c 1.40, CHCl3). 
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 N-Boc-Phenylglycine-Tyr(OBut)-OBut(2-12e) 
Following the Procedure B, white solid, yield =58 %. 
1H NMR (400 MHz, CDCl3): δ 1.26 (s, 9H), 1.31 (s, 9H), 1.39 (s, 9H), 3.01 (d, J = 6.4 Hz, 2H), 4.61 (dd, J = 12.8, 5.6 
Hz, 1H), 5.08 (br s, 1H), 5.70 (br d, J = 2.8 Hz, 1H), 6.20 (br d, J = 3.6 Hz, 1H), 6.86-6.89 (m, 2H), 6.98 (d , J = 8.4 Hz, 
2H), 7.25-7.33 (m, 5 H). 
13C NMR (100 MHz, CDCl3): δ 27.94, 28.40, 28.97, 37.45, 54.13, 58.99, 78.51, 80.22, 82.51, 124.21, 127.29, 128.50, 
129.13, 130.09, 130.88, 138.11, 154.48, 155.21, 169.50, 169.91. 
IR (neat): 3316, 2977, 1720, 1663, 1507, 1366, 1237, 1163, 898 cm-1. 
HRMS (ESI): m/z calcd. for C30H42N2NaO6 (M+Na)+ 549.2935; found: 549.2936; 
[α]𝐷
 20-55.3 (c 1.30, CHCl3). 
 
N-Boc-Phenylglycine-Glu(OBut)- OBut(2-12f) 
Following the Procedure B, stickly oil, yield =61 %. 
1H NMR (400 MHz, CDCl3): δ 1.33 (s, 9H), 1.39 (s, 9H), 1.42 (s, 9H), 1.85-1.93 (m, 1H), 2.04-2.12 (m, 1H), 2.18-2.32 
(m, 2H), 4.39 (ddd, J = 8.0, 8.0, 4.8 Hz, 1H), 5.11 (br s, 1H), 5.74 (br s, 1H), 6.46 (br d, J = 7.6 Hz, 1H), 7.26-7.36 (m, 
5H). 
13C NMR (100 MHz, CDCl3): δ 27.61, 27.99, 28.21, 28.43, 31.51, 52.86, 58.82, 80.18, 80.95, 82.50, 127.40, 128.50, 
129.12, 138.19, 155.18, 169.95, 170.35, 172.42. 
IR (neat): 3322, 2977, 2934, 1722, 1673,1496,1456,1391, 1367, 1249, 1167,1083 cm-1. 
HRMS (ESI): m/z calcd. forC26H40N2NaO7 (M+Na)+ 515.2728; found: 515.2729; 
[α]𝐷
 20-46.3 (c 1.05, CHCl3). 
 
N-Boc-Phenylglycine-Leu-Phe-OMe(2-12g) 
Following the Procedure B, white solid, yield = 50%. 
1H NMR (400 MHz,6d-DMSO): δ 0.55-0.66 (m, 6H), 0.81-0.86 (m, 1H), 1.12-1.26 (m, 1H), 1.38 (s, 9H), 1.62-1.64 (m, 
1H), 2.94 (dd, J = 6.0, 14.0 Hz, 1H), 3.02 (dd, J = 6.0,  14.0 Hz), 3.55 (s, 3H), 4.16 (t, J = 8.0 Hz, 1H), 4.46 (dd, J = 14.0, 
6.4 Hz, 1H), 5.30 (brd,J = 8.4 Hz 1H), 5.17-7.30 (m, 10 H), 7.44 (d, J = 6.8 Hz, 2H), 8.15 (d, J = 8.8 Hz, 1H), 8.53 (d, J = 
7.2 Hz, 1H). 
13C NMR (100 MHz,6d-DMSO): δ 10.60, 14.99, 23.72, 28.16, 36.53, 36.91, 51.74, 53.55, 56.18, 57.38, 78.40, 126.51, 
127.06, 127.40, 128.06, 128.24, 129.04, 137.09, 139.18, 154.77, 169.83, 171.00, 171.71. 
IR (neat): 3286, 2966, 1746, 1643, 1545, 1366, 1169, 697. 
HRMS (ESI): m/z calcd. for C27H34N2NaO6 (M+Na)+ 548.2731; found: 548.2777. 
[α]𝐷
 20-35.6 (c 0.2, CHCl3). 
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 N-Boc-Phenylglycine-His(Tr)-OMe(2-12h) 
Following the Procedure B, white solid, yield =51 %. 
1H NMR (400 MHz, CDCl3):δ 1.36 (s, 9H), 2.80 (dd, J = 14.4, 4.0 Hz, 1H), 2.95 (dd, J = 14.8, 4.2 Hz, 1H), 3.59 (s, 3H), 
4.61 (ddd, J = 7.2, 4.8, 4.8 Hz, 1H), 5.18 (br s, 1H), 5.90 (br s, 1H), 6.40 (s, 1H), 6.99-7.39 (m, 20 H), 7.80 (d, J = 6.4 Hz, 
1H). 
13C NMR (100 MHz, CDCl3):δ 28.46, 29.40, 52.33, 53.13, 58.76, 75.43, 79.86, 119.52, 127.26, 128.11, 128.22, 128.26, 
128.89, 129.89, 136.33, 138.84, 138.95, 142.35, 155.08, 170.15, 171.53. 
IR (neat): 3318, 3061, 2977, 1747, 1715, 1678, 1493, 1445, 1366, 1240, 1170, 1131, 910 cm-1. 
HRMS (ESI): m/z calcd. forC39H41N4O5 (M+H)+ 645.3071; found: 645.3074. 
[α]𝐷
 20-12.6 (c 0.80, CHCl3). 
 
N-Boc-Phenylglycine-Trp(Cbz)-OMe(2-12i) 
Following the Procedure B, white solid, yield =60 %. 
1H NMR (400 MHz, CDCl3): δ 1.35 (s, 9H), 3.03-3.12 (m, 2H), 3.64 (s, 3H), 4.90-4.95 (m, 1H), 5.08 (br s, 1H), 5.42 (dd, 
J = 16, 4.0 Hz, 2H ), 6.57 (br s, 1H), 6.14 (br s, 1H), 7.06-7.50 (m, 14 H), 8.09 (d, J = 7.2 Hz, 1H). 
13C NMR (100 MHz, CDCl3): δ 27.65, 28.38, 52.26, 52.69, 58.74, 68.82, 80.18, 115.45, 115.48, 118.83, 123.20, 123.75, 
125.03, 127.20, 128.49, 128.64, 128.95, 129.08, 129.43, 130.12, 135.20, 135.50, 138.10, 150.63, 169.99, 155.08, 169.97, 
171.75. 
IR (neat): 3316, 2977, 1720, 1663, 1507, 1366, 1237, 1163 898 cm-1. 
HRMS (ESI): m/z calcd. forC33H35N3NaO7 (M+Na)+ 608.2367; found: 608.2379; 
[α]𝐷
 20-9.1 (c 0.85, CHCl3). 
 
(S)-methyl4-(((S)-1-methoxy-1-oxo-3-phenylpropan-2-yl)amino)-4-oxo-3-phenyl butanoate(2-14a) 
Following the Procedure B, white solid, yield = 70 %. 
1H NMR (400 MHz, CDCl3): δ 2.63 (dd, J = 16.8, 6.0 Hz, 1H), 3.03 (dd, J = 5.6, 13.6 Hz, 1H), 3.10 (dd, J = 5.6, 13.6 Hz, 
1H), 3.24 (dd, J = 9.2, 16.8 Hz, 1H), 3.61(s, 3H), 3.64 (s, 3H), 3.91 (dd, J = 8.8, 6.0 Hz, 1H), 4.76 (ddd, J = 8.0, 6.0, 6.0 
Hz, 1H), 5.91 (d, J = 4.4 Hz, 1H), 7.03-7.05 (m, 2H), 7.19-7.32 (m, 8H); 
13C NMR (CDCl3, 100 MHz): δ 37.60, 37.83, 48.63, 51.97, 52.33, 53.54, 127.19, 127.91, 128.02, 128.67, 129.16, 129.39, 
135.83, 138.26, 171.67, 171.82, 172.43; 
IR (neat): 3330, 1739, 1675, 1522, 1436, 1171, 700 cm-1. 
HRMS (ESI): m/z calcd. for C27H34N2NaO6 (M+Na)+ 392.1468; found:392.1474; 
[α]𝐷
 2086.84 (c 1.00, CHCl3). 
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 (S)-methyl2-((S)-4-methoxy-4-oxo-2-phenylbutanamido)-4-methylpentanoate(2-14b) 
Following the Procedure B, white solid, yield = 61 %. 
1H NMR (400 MHz, CDCl3): δ 0.88 (d, J = 1.2 Hz, 3H), 0.90 (d, J = 1.2 Hz, 3H), 1.42-1.49 (m, 1H), 1.54-1.64 (m, 2H), 
2.61 (dd, J = 5.6, 16.4 Hz, 1H), 3.25 (dd, J = 9.2, 16.8 Hz, 1H), 3.61 (s, 3H), 3.62 (s, 3H), 3.95 (dd, J = 6.0, 9.2 Hz, 1H), 
4.55 (ddd, J = 8.4, 8.4, 5.2Hz, 1H), 5.80 (d, J = 8.4 Hz, 1H), 7.24-7.35 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 21.90, 22.73, 24.76, 37.70, 41.39, 48.43, 50.97, 51.80, 52.16, 127.77, 127.99, 129.00, 
138.26, 171.94, 172.37, 173.07. 
IR (neat): 3292, 2957, 1740, 1644, 1560, 1437, 1252, 1020, 699. 
HRMS (ESI): m/z calcd. for C18H25KNO5 (M+K)+ 374.1364; found: 374.1362. 
[α]𝐷
 2074.7 (c 1.00, CHCl3). 
 
(S)-methyl 4-(((S)-1-(((S)-1-methoxy-1-oxo-3-phenylpropan-2-yl)amino)-4-methyl-1-oxopentan-2-yl)amino)-4-oxo- 
3-phenylbutanoate(2-14c) 
Following the Procedure B, white solid, yield = 53 %. 
1H NMR (400 MHz, CDCl3): δ 0.80-0.83 (m, 6H), 0.90-0.98 (m, 1H), 1.20-1.27 (m, 1H), 1.80-2.03 (m, 1H), 2.66 (dd, J 
= 16.4, 5.6Hz, 1H), 2.89 (dd, J = 14.0,6.8Hz, 1H), 2.98 (dd, J = 14.0, 5.6, Hz 1H), 3.26 (dd, J = 17.2, 8.8Hz), 3.64 (s, 3H), 
3.67 (s, 3H), 3.94 (dd, J = 8.8, 5.6 Hz), 4.21 (dd, J = 8.8, 6.0Hz), 4.72 (ddd, J = 7.6, 6.4,6.4 Hz, 1H), 5.94 (d, J = 8.8 Hz, 
1H), 6.05 (d, J = 8.0, 1H), 6.91-6.93 (m, 2H), 7.17-7.34 (m, 8H). 
13C NMR (CDCl3, 100 MHz): δ 11.50, 15.37, 24.65, 37.07, 37.65, 37.83, 48.75, 52.01, 52.47, 53.17, 57.90, 127.27, 127.93, 
128.01, 128.74, 129.25, 129.31, 135.69, 138.50, 170.33, 171.60,172.17, 172.47. 
IR (neat): 3277, 3071, 2960, 1744, 1639, 1552, 1496, 1436, 1370, 1204, 1170, 990, 741, 699 cm-1. 
HRMS (ESI): m/z calcd. for C27H34N2NaO6 (M+Na)+ 505.2309; found:505.2338. 
[α]𝐷
 2080.06(c 1.00, CHCl3). 
 
N-Boc-Phenylglycine-Pro-OMe(2-16) 
To a reaction tube, nitro-alkane 4 (0.2 mmol), L-proline methyl ester (0.3mmol), dry CH3CN (2 mL) were mixed and then 
put under an O2-balloon atmosphere before K2CO3 (0.3mmol) was added. The reaction was stirred at R.T. until 4 
disappeared; CHCl3 was then added to the reaction and the solid removed by washing through a short silica-gel column 
with CHCl3. The eluent obtained was then washed with sat. Na2S2O3, dried over MgSO4, and purified via silica gel 
chromatography (Hex/EA = 3/1) to yield 16 as a white solid (yield =51%). 
1H NMR (400 MHz, CDCl3) major rotamer: δ 1.36 (s, 9H), 1.74-1.78 (m, 1H), 1.90-2.05 (m, 3H), 3.08-3.12 (m, 1H), 
3.66-3.78 (m, 1H), 3.73 (s, 3H), 4.40 (dd, J = 8.0, 3.2 Hz, 1 H), 5.39 (br d, J = 7.2 Hz, 1H), 6.06 (br d, J = 7.2 Hz, 1H), 
7.24-7.37 (m, 5H). 
13C NMR (100 MHz, CDCl3) major rotamer: δ 24.64, 28.45, 29.08, 46.83, 52.45, 56.74, 59.39, 79.72, 128.07, 128.33, 
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129.03, 137.79, 154.91, 168.96, 172.47. 
IR (neat): 3418, 2977, 1747, 1713, 1650, 1487, 1434, 1306, 1171, 1056, 1025 cm-1. 
HRMS (ESI): m/z calcd. for C19H26N2NaO5 (M+Na)+ 385.1734; found: 385.1744. 
[α]𝐷
 20-165.4 (c 1.10, CHCl3). 
 
Di-chloro nitroalkane 2-6 (white solid, yield = 10 %) 
1H NMR (400 MHz, CDCl3): δ 1.43 (s, 9H), 5.60 (br s, 1H), 5.96 (br d, J = 9.2 Hz, 1H), 7.37-7.44 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.25, 63.88, 81.59, 116.08, 128.78, 128.96, 129.79, 133.25, 154.11. 
HRMS (ESI) m/z calcd. for C13H16Cl2N2NaO4 (M+Na)+ 357.0385, 359. 0355; found: 357.0379, 359.0348. 
 
1H NMR (400 MHz, CDCl3, 1:1.67 mixture of diastereomers): δ 1.45, 1.47 (s, 9H), 5.23-5.33, 5.97(m, 2.0H), 6.59-6.61 
(m, 1H), 7.27-7.41 (m, 5H). 
13C NMR (CDCl3, 100 MHz, 1:1.67 mixture of diastereomers): δ 28.15, 28.20, 58.07, 81.01, 81.61, 85.20, 126.78, 126.97, 
128.50, 129.01, 129.09, 129.13, 129.24, 129.54, 134.69, 135.25, 154.47, 154.74. 
IR (neat): 3375, 1682, 1552, 1519, 1171 cm-1. 
HRMS (ESI) m/z calcd. forC13H17IN2NaO4 (M+Na)+415.0125; found: 415.0133. 
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Chapter 3 
3.1. Preparing starting materials or key intermediates  
 
Scheme S-1. Synthesis of α-iodonitroalkane 3-6 
Synthesis of 3-6: Under Ar, nitroalkane (R)-1(532 mg, 2.0mmol) was dissolved in THF (10 mL). The reaction mixture was 
cooled to 0ºC and KOBut (224 mg, 2 mmol) was added. After 30 min, a white precipitation formed and cooling to -30 ºC, 
I2 (538 mg, 2.0 mmol) was added in one-portion. After a further 30 min, the reaction was quenched with sat. NH4Cl solution 
(20 mmol) and extracted with CH2Cl2. The combined organic layers were washed with brine (10 mL), dried (MgSO4), 
filtered and concentrated under reduced pressure to give crude 3-6, which was columned via silica gel chromatography 
(Hex/EA = 5/1) to give pure 3-6 (470mg, 60%) as a white solid (stored at low temperature without light). 
1H NMR (400 MHz, CDCl3, 1:1.67 mixture of diastereomers): δ 1.45, 1.47 (s, 9H), 5.23-5.33, 5.97(m, 2.0H), 6.59-6.61 
(m, 1H), 7.27-7.41 (m, 5H). 
13C NMR (CDCl3, 100 MHz, 1:1.67 mixture of diastereomers): δ 28.15, 28.20, 58.07, 81.01, 81.61, 85.20, 126.78, 126.97, 
128.50, 129.01, 129.09, 129.13, 129.24, 129.54, 134.69, 135.25, 154.47, 154.74. 
IR (neat): 3375, 1682, 1552, 1519, 1171 cm-1. 
HRMS (ESI) m/z calcd. forC13H17IN2NaO4 (M+Na)+ 415.0125; found: 415.0133. 
 
Scheme S-2. Synthesis of α-Bromo nitroalkane 3-6b 
3-6b:[7] Under Ar, the nitroalkane 1 (532 mg, 2 mmol) was dissolved in KOH solution [116 mg KOH in H2O (6 mL) + 
MeOH(2 mL)] until the white solid disappeared. The resulting solution was cooled until it started to freeze and then 
bromine (324 mg,  mmol) in 10 mL of CH2Cl2 (pre-cooled to -78ºC) was added, all at once, with vigorous stirring. After 
about 1 min, the layers are separated and the aqueous phase was extracted with 10 mL of CH2Cl2. The combined methylene 
chloride solutions were washed with 10 mL of H2O and dried over anhydrous magnesium sulfate, and then the solvent was 
removed to give crude 3-6b; further purification by silica gel chromatography (Hex/EA = 5/1) gave pure 3-6b (552 mg, 
80 %) as a white solid. 
1H NMR (400 MHz, CDCl3, 1:1.4 mixture of diastereomers): δ 1.43, 1.44(s, 9H,), 5.41-5.43 (m, 1H), 5.64-5.74 (m, 1H), 
6.30 (s, 1H), 7.24-7.41 (m, 5H). 
13C NMR (CDCl3, 100 MHz, 1:1.4mixture of diastereomers): δ 28.15, 28.20, 58.07, 81.03, 81.62, 85.23, 126.76, 126.95, 
129.09, 129.13, 129.25, 134.68, 135.22, 154.72. 
IR (neat): 3356, 1691, 1566, 1517, 1367, 1166, 699. 
HRMS (ESI) m/z calcd. for C13H17BrN2NaO4 (M+Na)+ 367.0264; found: 367.0273. 
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 Scheme S-3. Synthesis of di-chloronitroalkane 3-15a 
3-15a: Nitroalkane 3-1 (1 mmol) was dissolved in methanol (5 mL) in a two necked flask. The flask was degassed using 
freeze-pump-thaw techniques and backfilled with nitrogen (3 cycles). Next, KOH (1.5 eq.) was added in one portion at 
R.T. and the reaction stirred for 10 min. NCS (2.2 eq.) was added in one portion and stirring continued for 10 min. The 
mixture was then quenched with sat. NH4Cl (30 mL) and extracted with CH2Cl2 (25×2mL). The organic phase was dried 
over MgSO4, and concentrated under reduced pressure. Crude product was purified by flash column chromatography (ethyl 
acetate / hexane = 1 / 5) to give 3-15a (white solid, yield = 81 %) 
1H NMR (400 MHz, CDCl3): δ 1.43 (s, 9H), 5.60 (br s, 1H), 5.96 (br d, J = 9.2 Hz, 1H), 7.37-7.44 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.25, 63.88, 81.59, 116.08, 128.78, 128.96, 129.79, 133.25, 154.11. 
HRMS (ESI) m/z calcd. for C13H16Cl2N2NaO4 (M+Na)+ 357.0385, 359. 0355; found: 357.0379, 359.0348. 
 
Scheme S-4A. Synthesis of di-halo nitroalkane 3-15 
Procedure: Bromo nitroalkane 3-6b (1 mmol) or chloro nitroalkane 3-6c (1 mmol) was dissolved in methanol (5 mL) in a 
two necked flask; the flask was degassed using freeze-pump-thaw techniques and backfilled with nitrogen (3 cycles). Next, 
KOH (1.5 eq.) was added in one portion at 0 ºC and the reaction stirred for 5 min. After cooling to -30 ºC bath for 5-10 
min, NIS or NBS (1.1 eq.) was added in one portion. Warming to 0 ºC (over 5 min) produced some precipitate. The mixture 
was then quenched with sat. NH4Cl (30 mL) and stirred rapidly until a lot of white solid was generated before extraction 
with CH2Cl2 (25×2mL, pre-cooled to -30 ºC). The organic phase was dried over MgSO4 at -30 ºC (over a MeOH cooling 
bath), quickly filtered and the soltion concentrated under reduced pressure. The crude product was purified by flash column 
chromatography (ethyl acetate/hexane = 1/5, pre-cooled to -30 ºC for bromo / chloro iodo nitroalkane) to obtain relatively 
pure compound 3-15. Further purification via recrystallizion (CH2Cl2 + Hexane) in refrigerator (-30 ºC) gave pure 
compounds 3-15. 
 
White solid, yield= 75 %. 
1H NMR (400 MHz, CDCl3, 1:1.9 syn/anti mixture of diastereomers): δ 1.41, 1.45 (s, 9H), 5.64-5.71 (m, 1 H), 5.98-6.00 
(m, 1H), 7.33-7.47 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.23, 28.28, 64.38, 81.46, 104.46, 105.46, 128.65, 128.76, 128.96, 129.17, 129.69, 
129.72, 133.11, 133.66, 153.93, 154.22. 
HRMS (ESI) m/z calcd. for C13H16BrClN2NaO4 (M+Na)+ 400.9880, 402.9859; found: 400.9887, 402.9863. 
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Yellow solid, yield= 60 %. 
1H NMR (400 MHz, CDCl3, 1:2.25 syn/anti mixture of diastereomers): δ 1.42, 1.49 (s, 9H), 5.58, (d, J = 10.8 Hz, 
0.78H), 5.80 (d, J = 10.0 Hz, 0.34H), 5.91 (d, J = 10.0 Hz, 0.31H), 6.06 (d, J = 10.4 Hz, 0.56H), 7.27-7.46 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.33, 28.42, 65.69, 75.95, 81.47, 128.68, 128.84, 128.97, 129.38, 129.61, 129.65, 
132.36, 154.31. 
HRMS (ESI) m/z calcd. for C13H16ClIN2NaO4 (M+Na)+ 448.9741; found: 448.9737. 
White solid, yield= 70 %. 
1H NMR (400 MHz, CDCl3): δ 1.44 (s, 9H), 5.6 (br s, 1H), 5.97 (br d, J = 9.2 Hz, 1H), 7.35-7.45 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.31, 64.71, 81.48, 94.54, 128.65, 129.16, 129.69, 133.77, 154.03. 
HRMS (ESI) m/z calcd. for C13H16Br2N2NaO4 (M+Na)+ 446.9354, 444.9375, 448.9334; found: 446.9349, 444.9370, 
448.9326. 
Yellow solid, yield= 60 % 
1H NMR (400 MHz, CDCl3, 1:1.45 syn/anti mixture of diastereomers): δ 1.43, 1.48 (s, 9H), 7.31-7.48 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.19, 28.26, 64.90, 65.61, 65.91, 77.21, 81.27, 128.45, 128.56, 128.87, 129.25, 129.42, 
129.55, 133.07, 153.68, 154.04. 
HRMS (ESI) m/z calcd. for C13H16BrIN2O4 (M+Na)+ 492.9236, 494.9215; found: 492.9232, 494.9211. 
 
Scheme S-4B. Synthesis of di-iodo nitroalkane 3-15f 
3-15f: Iodo nitroalkane (1 mmol) was dissolved in methanol (5 mL) in a two-necked flask. The solution was degassed 
using freeze-pump-thaw techniques and backfilled with nitrogen (3 cycles). Next, KOH (1.5 eq.) was added in one portion 
at -30 ºC and the reaction stirred for 10 min, at the same temperature, before NIS (1.5 eq.) was added and stirred continued 
for 3 min. The mixture was then quenched with sat. NH4Cl (30 mL, pre-cooled to 0 ºC) and quickly stirred until copious 
amounts of white (sticky) solid was generated. The aqueous was then extracted with CH2Cl2 (25×2mL, pre-cooled to -30 
ºC). The organic phase was dried over MgSO4 (over a -30 ºC MeOH bath), quickly filtrated and then concentrated under 
reduced pressure. The crude product was purified via recrystallization (CH2Cl2 + Hexane) in refrigerator (-30 ºC) to obtain 
relatively pure compound 3-6f (yellow stickly solid, yield = 50 %) 
1H NMR (400 MHz, CDCl3): δ 1.45 (s,9H), 5.589 (d, J = 9.2 Hz, 1H), 5.733 (d, J = 8.4 Hz, 1H), 7.30-7.44 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.38, 61.19, 66.54, 81.40, 128.64, 129.13, 129.51, 131.10, 153.97. 
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 Scheme S-5. Synthesis of -iodonitroalkane 3-24 
General procedure: Nitroalkane[13] (1.105g, 5 mmol) was dissolved in10 mL MeOH, then K2CO3 (1.035 g, 7.5 mmol) 
was added to stirred at R.T. for 10 min, then filter solid to collect solution. Cooling the solution to -30 , and added I2 (1.27g, 
5 mmol), slowly warm to 0, untile the solution become darken, then pour the reaction mixture to 100 mL water, and extract 
by CH2Cl2 (100 mL). The combined organic solution was dried over anhydrous magnesium sulfate, the solvent removed 
in vacuo and the crude product purified by silica gel chromatography to give the pure 3-24 (a ca. 1:1 mixture of 
diastereomers)  
1H NMR (400 MHz, CDCl3): δ 0.53-0.58 (m, 0.5 H), 0.81-0.85 (m, 0.5 H), 1.04-1.09 (m, 0.5 H), 1.14-1.19 (m, 0.5 H), 
2.11-2.22 (m, 1H), 3.39 (dd, J = 3.6, 10.8 Hz, 0.5 H), 3.55 (dd, J = 5.6, 11.2 Hz, 0.5 H), 3.66 (dd, J = 4.0, 10.4 Hz, 0.5 H), 
4.17-4.57 (m, 2H), 6.08 (d, J = 3.6 Hz, 0.5 H), 6.08-6.12 (m, 1H), 6.98-7.38 (m, 5H). 
13C NMR (400 MHz, CDCl3): δ 11.09, 12.52, 18.44, 24.31, 24.51, 24.76, 52.23, 52.30, 66.07, 67.60, 73.15, 73.24, 127.83, 
127.85, 127.88, 127.92, 128.46, 128.54, 137.50. 
HRMS (ESI) m/z calcd. for C12H14INNaO3 (M+Na)+ 369.9911; found: 369.9901. 
3.2. Mechanistic study  
3.2.1 Nature of how NIS reacts with amine 
, No. 25  
Scheme S-6 NMR Study of amine with NIS in CDCl3 
In order to discern the reaction and chemical nature between NIS and -methyl benzyl amine, we repeated the same 
reaction as described by Johnston.[6] Mixing NIS and the amine in CDCl3, we obtained the same 1H NMR spectrum, but 
were not convinced of the formation of S-6. For one experiment, we decided to trap the putative N-iodo amine S-6 (as 
proposed by Jonhston) by adding (Boc)2O. This would form a more stable N-iodo N-Boc-amide. From our NMR studies, 
only compound S-7 lacking an N-iodo substituent formed. During a separate experiment, a white powder formed rapidly 
from CH2Cl2, which after NMR and X-ray analysis of the related complex 15, vide infra, was characterized to be an 
NIS:amine (1:1) complex S-8. 
S-7: NIS (112 mg, 0.5 mmol) was added to 5 mL CDCl3 in 0 °C, then 1-phenyl- ethanamine (0.5 mmol) 
was added. After stirring for 10 min, (Boc)2O (109 mg, 0.5 mmol) was added and the reaction monitored by 1H NMR. The 
solvent was eventually removed after stirring overnight and the product purified by column (Hex/EA = 3/1) to afford pure 
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S-7 (192 mg, 87 %) as a white solid. The spectroscopic data are consistent with those reported in the literature.[5] 
1H NMR (CDCl3, 400 MHz): δ 1.41 (s, 12 H), 4.77 (br s, 2H), 7.21-7.33 (m, 5H). 
13C NMR (CDCl3, 100 MHz): 22.83, 28.53, 37.47, 50.31, 79.56, 94.79, 126.02, 127.26, 128.70, 144.22, 155.25. 
HRMS (ESI) m/z calcd. for C14H20NaO2 (M+Na)+ 244.1356; found: 244.1318. 
S-8: NIS (112 mg, 0.5 mmol) was added to dry CH2Cl2 (5 mL), cooled to 0 °C, then 1-
phenylethanamine (0.5 mmol) was added. NIS quickly dissolved and a white solid formed after 5-10 min, which was 
filtered off, washed with Et2O, and dried under vacuum to afford a white solid, yield = 90 %; at R.T. this product gradually 
darkened and decomposed, but was stable under Ar below -10 °C.  
1H NMR (400 MHz): δ1.36 (d, J = 6.4 Hz, 1.5 H), 1.44 (d, J = 6.8 Hz, 1.5 H)3.68 (q, J = 2.8 Hz, 0.5 H), 4.00 (q, J = 2.8 
Hz, 0.5 H), 2.71 (s, 4H), 7.18-7.31 (m, 5H).  
 
Scheme S-7. Synthesis of complex 3-2 of allylamine with NIS. 
3-2: NIS (112 mg, 0.5 mmol) was dissolved in dry CH2Cl2 (5 mL), cooled to 0 °C, then allyamine (0.5 mmol) was added. 
After stirring for 10 min, the solvent was removed in vacuo and the yellow solid formed was washed with Et2O and dried 
under vacuum to afford a white solid, yield = 90 %. At R.T., this product 3-2 darkened and decomposed, but was stable 
under Ar below -10 °C; latterly, 3-2 was crystallized for X-ray analysis (vide infra). 
1H NMR (CDCl3, 400 MHz): δ 2.73 (s, 4H), 3.40 (d, J = 6.0 Hz, 2H), 5.19-5.24 (m, 2H), 5.83-5.93 (m, 1H). 
13C NMR (CDCl3, 100 MHz): δ 30.03, 47.36, 117.92, 135.81, 182.81. 
IR (neat): 3160, 1773, 1702, 1617, 1424, 1364, 1292, 1242, 1183, 817, 639 cm-1. 
3.2.2 Products formed when aci-nitronate salts react with NIS or amine-complex 3-2 
 
 
Scheme S-8. 1H NMR deprotonation study of nitroalkane with base. 
In order to understand the formation -iodo nitroalkane from nitroalkane, the degree of formation of anion S-9 from 
nitroalkane was studied by 1H NMR. When mixed in CD3CN with K2CO3, the nitroalkane 1 generated the anion S-9 in less 
than 5 % yield after 3 h, indicating the nitroalkane deprotonates slowly. Suspecting solubility issues of K2CO3 in CH3CN, 
the NMR solvent was changed to CD3OD. In this case, we found the anion S-9 formed in more than 95 % yield, relatively 
quickly within 30 min. 
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 Scheme S-9A. Formation of α-iodonitroalkane 3-6a using NIS 
In order to determine the reaction of NIS with nitroalkane 3-1a, the nitroalkane was first deprotonated by K2CO3 to form 
the anion S-10 in methanol (Scheme S-11A). Subsequent removal of methanol, changing the solvent to CH3CN, cooling 
to 0 °C, adding NIS (0.2 mmol) in one-portion, stirring for <5 min, quenching with sat. NH4Cl solution, and purifying the 
crude by silica gel chromatography afforded the α-iodo nitroalkane 3-6a in 61% yield.  
 
1H NMR (CDCl3, 400 MHz): δ 1.63-1.79 (m, 2H), 2.20-2.28 (m, 1H), 2.29-2.45 (m, 1H), 2.66 (t, J = 7.2 Hz, 2H), 6.13 
(t, J = 7.2 Hz, 1H), 7.13-7.30 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 29.37, 34.53, 38.63, 53.18, 126.46, 128.41, 129.71, 140.54. 
IR (neat): 2934, 1713, 1555, 1495, 1453, 1349, 749, 700 cm-1. 
HRMS (ESI) m/z calcd. for C10H12INNaO2 (M+Na)+ 327.9810; found 327.9811. 
 
Scheme S-9B. Formation of α-iodo nitroalkane 3-6 using pre-generated anion. 
In order to show the NIS-amine complex 3-2 to be a source of electrophilic iodine, the nitroalkane 3-1 was deprotonated 
by K2CO3 to form anion S-12 in methanol (Scheme S-11B). After 30 min, >95 % yield of anion S-12 was generated. 
Subsequent removal of methanol, changing the solvent to CH3CN, cooling to 0 °C, adding the pre-prepared complex 3-6 
in one-portion, stirring for <5 min, quenching with sat. NH4Cl solution, and purifying the crude by silica gel 
chromatography afforded the α-iodo nitroalkane 3-6 in 75 % yield.  
 
Scheme S-9C. Formation of α-iodonitroalkane 3-6 using in situ-generated anion. 
Under O2, the α-iodo nitroalkane reacts with the amine within 30 minutes. To check the intermediacy of α-iodonitroalkane 
3-6, we conducted reactions of 3-1 with NIS-amine complex 3-2 under Ar in presence of K2CO3 (Scheme S-11C). After 3 
h, about 50 % of α-iodo nitroalkane 3-7, 25 % amide and 25 % of starting nitroalkane 3-1 were observed. These yields and 
reaction times are consistent with reactions under O2. 
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Conclusion  
 
Based on the above results, the nitroalkane 3-1 is first deprotonated by K2CO3, which in CH3CN is relatively slow when 
compared to MeOH. Once formed, the anion quickly reacts with NIS or the NIS-amine complex 3-2 (< 5 mins). All control 
reactions demonstrated the -iodonitroalkane as the primary intermediate. In all cases, we did not observe the intermediacy 
or isolate any -amino nitroalkane products. 
3.3 Reaction of -iodo nitroalkanes with amine or NIS-complex 
(Scheme S-10, A): The -iodonitroalkane 3-6 was mixed with amine in presence of K2CO3 (2 eq.) in CH3CN at 0 °C under 
O2. After 30 min, the reaction was diluted with CHCl3 and the precipitate removed through a short silica gel plug. Further 
purification by gel silica gel chromatography gave the pure amide product 3-7 (yield = 74 %). 
(Scheme S-10, B): The -iodo nitroalkane 3-6 was mixed with amine in presence of K2CO3 (2 eq.) in CH3CN at 0 °C 
under Ar. After 3 h, the reaction was diluted with CHCl3 and the precipitate removed through a short silica gel plug. The 
de-iodinated nitroalkane 3-1 and iodo nitroalkane 3-6 and trace amounts of amide 3-7 were calculated to be in a ratio of 3-
6:3-1: 3-7 = 42:40:18 by 1H NMR analysis. 
(Scheme S-10, C): The -iodonitroalkane 3-6 was mixed with K3CO3 under an O2 atmosphere. After 15 mins, the α-
iodonitroalkane 3-6 reacted completely, as checked by TLC; after aqueous acid work-up, only the carboxylic acid was 
isolated in 61 % yield.  
(Scheme S-10, D): The pre-formed pure anion S-12 was prepared by reacting iodo nitroakane with KOBut (2 eq.) under 
Ar at -30 °C and the reaction system was saturated with O2 atmosphere by freeze-thaw techniques. After 1h, the reaction 
was quenched with sat. NH4Cl. Only the iodo nitroalkane 3-6 was recovered. 
(Scheme S-10, E): The pre-formed pure anion S-12 was prepared by reacting iodo nitroakane with KOBut (2 eq.) under 
Ar at -30 °C and the reaction system was saturated with O2 atmosphere by freeze-thaw techniques. The NIS-complex 3-2 
(1 eq.) was then added in one-portion at 0 °C, at the same tempreture for 20 min, then reaction was diluted by CHCl3 and 
further purify by silicane gel column chromatography (Hex/EA = 3/1), the amide 3-7 (50 %) was isolated. 
(Scheme S-10, F): The pre-formed pure anion S-12 was prepared by reacting iodo nitroakane with KOBut (2 eq.) under Ar 
at -30 °C, then NIS-complex 3-2 (1.0 eq.) was added in one-portion. After 1 min, the reaction was quenched with cold sat. 
NH4Cl (at -30 °C over a MeOH cooling bath). This gave 40 % di-iodo nitroalkane 3-15f and recovered starting materials. 
(Scheme S-10, G): The pre-formed pure anion S-12 was prepared by reacting iodo nitroakane with KOBut (2 eq.) under 
Ar at -30 °C and the reaction system was saturated with Ar atmosphere by freeze-thaw techniques. The NIS-complex 3-2 
(1 eq.) was then added in one-portion at 0 °C, at the same temperature for 1 h, then reaction was diluted by CHCl3 and 
further purify by silicane gel column chromatography (Hex/EA = 3/1), the amide 3-7 (45 %) was isolated. 
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 Scheme S-10. Reaction of α-iodonitroalkane 3-6. 
 
3.4 Radical clock reaction 
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 Scheme S-11. Reaction of α-iodonitroalkane 3-24 with allyl amine. 
Procedure: The iodo-nitroalkane 3-24 (0.1 mmol), K2CO3 (1.5 equiv), CH3CN (1mL, pre-saturated with O2) and allyl 
amine (0.15 mmol) were added to a 10 mL flask. The reaction mixture was then cooling to 0 °C before NIS (0.01 mol) was 
added, then the reaction put under an O2-balloon atmosphere. After the iodonitroalkane 3-24 disappeared by TLC 
monitoring, CHCl3 was added to the reaction and the precipitate filtered through a short silica gel column. The solvent 
removed in vacuo and the crude product purified via lash silica gel column chromatography (Hexane/Ethyl acetate = 3/2, 
cis/ trans = 1.3/1), cis and trans was determined by NOE. 
HRMS (ESI): m/z calcd. for C15H19NNaO2 (M+Na)+ 268.1308; found: 268.1307.  
cis product: Rf = 0.45 
1H NMR (CDCl3, 400 MHz): δ 0.93-0.99 (m, 1H), 1.08-1.12 (m, 1H), 1.47-1.60 (m, 2H), 3.52 (dd, J = 9.6, 10.0 Hz, 1H), 
3.80 (dd, J = 5.2, 10.0 Hz, 1H), 3.84-3.88 (m, 2H), 4.44 (dd, J = 11.6, 14.4 Hz, 2H), 5.06-5.20 (m, 2H), 5.75-5.85(m, 1H), 
5.89 (br s, 1H), 7.23-7.33 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 9.81, 19.57, 19.97, 42.15, 68.65, 72.94, 116.20, 127.50, 127.76, 128.28, 134.36, 138.41, 
170.63. 
trans product: Rf = 0.44 
1H NMR (CDCl3, 400 MHz): δ 0.73-0.77 (m, 1H), 1.18-1.23 (m, 1H), 1.28-1.32 (m, 1H), 1.62-1.76 (m, 1H), 3.31 (dd, J 
= 6.8, 10.4 Hz, 1H), 3.51 (dd, J = 5.6, 10.4 Hz, 1H), 3.81-3.94 (m, 2H), 4.50 (dd, J = 12.0, 15.2 Hz, 2H), 5.10-5.20 (m, 
1H), 5.63 (br s, 1H), 5.78-5.88 (m, 1H), 7.24-7.35 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 11.83, 20.38, 42.18, 71.64, 72.55, 116.43, 127.63, 128.39, 134.33, 138.20, 172.19. 
3.5 18O labeled reaction. 
 
S-12. Nitroalkane reaction with amine under 18O2 
Procedure: The nitroalkane (0.1 mmol), K2CO3 (2.0 equiv), CH3CN (1mL) and amine (0.1 mmol) were added to a 10 mL 
flask. The reaction mixture was then frozen under liquid nitrogen before NIS (0.1 mmol) was added and the reaction sealed 
with a glass septum screw cap and parafilm. The flask was degassed using three 10 minute freeze-pump-thaw cycles, after 
which the frozen solution was placed under high vacuum and the 18O2 regulator needle was inserted through the septum. 
The vacuum line was closed and then the 18O2 gas regulator was opened to fill the static vacuum. The flask was warmed to 
0 °C and allowed to stir for 4.5 h before the reaction mixture was diluted with chloroform, filtered, and concentrated. The 
residue was purified via flash silica gel column chromatography. 
18O Percentage Mass Spectrometry Calculation  
The amount of 18O incorporation was determined as follows: 
(16O ion intensity) x (predicted 18O ion natural abundance in the unlabeled compound) ∕ 100 =18O ion intensity expected in 
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the unlabeled compound 
(18O ion intensity) – (18O ion intensity expected in the unlabeled compound) = corrected 18O ion intensity ion intensity 
(Corrected 18O ion intensity) / (Corrected 18O ion intensity + 16O ion intensity) x 100 = XX% (18O incorporation) 
18O ion intensity expected in the unlabeled compound = 14.96 x 1.4 / 100 = 0.21 
corrected 18O ion intensity = 100 – 0.21 = 99.79 
18O incorporation = 99.79 / (99.79 + 14.96) x 100 = 87 % 
3.6 Isolate N-nitroso amines 
 
Scheme S-13. N-nitroso amines synthesis 
Procedure: To a reaction tube, the nitro-alkane (0.2 mmol), K2CO3 (0.4 mmol), amine (0.2 mmol), and dry CH3CN (2 mL) 
were added. After freezing in liquid nitrogen, NIS (0.4 mmol) was added and the reaction was sealed with a glass septum 
screw cap and parafilm. After degassing using three 10 minute freeze-pump-thaw cycles, i.e., saturating the solution with 
either Ar or O2, the solution was warmed over an ice-water bath for 5-10 min. After the nitroalkane disappeared as indicated 
by TLC, Et2O was added to the reaction and the precipitate filtered through a short silica gel column. The combined organic 
solution was dried over anhydrous magnesium sulfate, the solvent removed in vacuo, and the crude product purified by 
silica gel chromatography (Et2O/pentane = 1/2) to give the pure amide product S-13 (yield =50 % under Ar; 55 % under 
O2 ) and the N-nitroso amine 3-19 (yield =25 % under Ar; 11 % under O2 ). NMR data were consistent with literature [12]. 
 
1H NMR (400 MHz, CDCl3): δ 1.48-1.58 (m, 2 H), 1.72-1.84 (m, 4H), 3.77 (t, J = 6.0 Hz, 2H), 4.18 (t, J = 6.0 Hz, 2H). 
13C NMR (CDCl3, 100 MHz): δ 24.33, 24.91, 26.57, 39.94, 51.00. 
 
1H NMR (400 MHz, CDCl3): δ 0.84-0.94 (m, 1H), 1.25-1.43 (m, 3H), 1.40 (s, 9H), 1.47-1.54 (m, 2H), 3.21-3.29 (m, 
2H), 3.37-3.46 (m, 1H), 3.67-3.73 (m, 1H), 5.53 (d, J = 8.0 Hz, 1H), 6.10 (d, J = 7.6 Hz, 1H), 7.23-7.36 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 24.40, 25.49, 25.64, 28.50, 43.54, 46.53, 55.19, 79.65, 127.79, 128.11, 129.06, 138.75, 
155.19, 168.12. 
HRMS (ESI) m/z calcd. for C18H26N2NaO3 (M+Na)+ 341.1836; found: 341.1835 
 
3.7 The effect of halogen sourcesa 
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a Reactions were performed at 0.1 M of nitroalkane in 2.0 mL of CH3CN with 1.0 equiv of allylamine; bAll solutions were first degassed 
(freeze-pump-thaw cycles), and entries not using oxygen were performed under an argon atmosphere (balloon), whereas entries using 
oxygen were performed under an oxygen atmosphere (balloon). c Reaction performed without adding extra amine separately. 
 
Scheme S-14. Di-halo nitroalkane 3-15 react with allylamine 
General procedure: To a two necked flask, nitroalkane (0.1 mmol) in 1.0 mL of CH3CN, the solutions were first degassed 
(freeze-pump-thaw cycles), not using oxygen were performed under an argon atmosphere (balloon), whereas using oxygen 
were performed under an oxygen atmosphere (balloon). Then cooled to 0 °C, allylamine (0.15 mmol) and base (0.15 mmol) 
were added by one-portion. After reaction finished , CHCl3 was added to the reaction and the precipitate filtered through a 
short silica gel column. The crude product purified by silica gel chromatography (Hexane/Ethyl acetate = 3/1) to give the 
pure amide product. 
(±)-tert-butyl 4-(allylamino)-4-oxo-3-phenylbutanoate(3-7) 
1H NMR (400 MHz, CDCl3): δ 1.40 (s, 9H), 3.83-3.86 (m, 2H), 4.98-5.06 (m, 2H), 5.16 (br s, 1H), 5.69-5.79 (m, 1H), 
5.84 (br s, 1H), 5.92 (br s, 1H), 7.30-7.35 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 28.43, 42.06, 58.62, 80.19, 116.44, 127.31, 128.45, 129.11, 133.72, 138.60, 155.34, 
170.18. 
80
IR (neat): 3312, 2976, 1700, 1654, 1522, 1497, 1364, 1249, 1169, 697. 
HRMS (ESI): m/z calcd. for C27H34N2NaO6 (M+Na)+ 313.1523; found:313.1555. 
3.8 X-Ray crystal structure and data of Bromo iodo-nitroalkane 3-15 (X = I, Br) 
The single crystal of 15 (X = I, Br) suitable for X-ray analysis was grown in a solution of dichloromethane/Hexane at -
30 °C under Ar; A colorless prism crystal of C28H32Br2I2N4O8 having approximate dimensions of 0.300 × 0.100 × 0.100 
mm was mounted on a glass fiber. All measurements were made on a Rigaku XtaLAB mini diffractometer using graphite 
monochromated Mo-K radiation. The crystal-to-detector distance was 50.00 mm. The data were collected at a temperature 
of -123±1 °C to a maximum 2 value of 55.0 o. A total of 540 oscillation images were collected. The structure was solved 
by direct methods and expanded using Fourier techniques. Some non-hydrogen atoms were refined anisotropically, while 
the rest were refined isotropically. Crystallographic data has been deposited with the Cambridge Crystallo- graphic Data 
Center, CCDC reference number: 1054441 
 
EXPERIMENTAL DETAILS  
A. Crystal Data  
Empirical Formula C28H32Br2I2N4O8 
Formula Weight 966.20 
Crystal Color, Habit colorless, prism 
Crystal Dimensions 0.300 X 0.100 X 0.100 mm 
Crystal System hexagonal 
Lattice Type Primitive 
Lattice Parameters a = 21.554(3) Å 
 c = 15.8983(11) Å 
 V = 6396.4(13) Å3 
Space Group P65 (#170) 
Z value 6 
Dcalc 1.505 g/cm
3 
F000 2808.00 
m(MoKa) 33.962 cm-1 
 
B. Intensity Measurements 
Diffractometer XtaLAB mini 
Radiation MoKa (l = 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50kV, 12mA 
Temperature -123.0oC 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
 oscillation Range (c=54.0, f=0.0) -60.0 - 120.0o 
Exposure Rate  32.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (c=54.0, f=120.0) -60.0 - 120.0o 
N
O
Br
I
N
O
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Exposure Rate  32.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (c=54.0, f=240.0) -60.0 - 120.0o 
Exposure Rate  32.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (c=54.0, f=0.0) -60.0 - 120.0o 
Exposure Rate  32.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (c=54.0, f=120.0) -60.0 - 120.0o 
Exposure Rate  32.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (c=54.0, f=240.0) -60.0 - 120.0o 
Exposure Rate  32.0 sec./o 
Detector Swing Angle 30.00o 
Detector Position 50.00 mm 
Pixel Size 0.073 mm 
2qmax 55.0
o 
No. of Reflections Measured Total: 67491 
 Unique: 9748 (Rint = 0.0522) 
 Parsons quotients (Flack x parameter): 3780 
Corrections Lorentz-polarization 
  Absorption 
  (trans. factors: 0.358 - 0.712) 
  Secondary Extinction 
  (coefficient: 7.07000e-003) 
 
C. Structure Solution and Refinement 
Structure Solution Direct Methods (SIR2008) 
Refinement Full-matrix least-squares on F2 
Function Minimized S w (Fo2 - Fc2)2  
Least Squares Weights w = 1/ [ s2(Fo2) + (0.2000 . P)2  
  + 0.0000 .  P ] 
  where P = (Max(Fo2,0) + 2Fc2)/3 
2max cutoff 55.0
o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 9748 
No. Variables 388 
Reflection/Parameter Ratio 25.12 
Residuals: R1 (I>2.00s(I)) 0.1084 
Residuals: R (All reflections) 0.1166 
Residuals: wR2 (All reflections) 0.3200 
Goodness of Fit Indicator 1.425 
Flack parameter (Parsons' quotients = 3780) 0.472(8) 
Max Shift/Error in Final Cycle 0.000 
Maximum peak in Final Diff. Map 5.69 e-/Å3 
Minimum peak in Final Diff. Map -2.49 e-/Å3 
 
Table 1. Atomic coordinates and Biso/Beq 
atom    x    y    z  Beq 
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I2      0.64105(8)  0.23086(9)  0.25027(11)  4.80(4) 
I33     0.46693(12) -0.04374(12)  0.0057(2)  7.78(7) 
Br1     0.47984(11)  0.00640(12)  0.20389(14)  3.92(4) 
Br30    0.76104(7)  0.35020(7)  0.12158(8)  1.80(3) 
O1      0.9019(6)  0.3068(6)  0.1663(8)  3.0(2) 
O2      0.8255(6)  0.1963(7)  0.1149(9)  3.4(2) 
O3      0.6797(7)  0.0921(6)  0.2179(9)  3.2(2) 
O4      0.6770(7) -0.0123(6)  0.1806(9)  3.5(2) 
O26     0.8099(8)  0.4247(7)  0.3038(11)  4.1(3) 
O29     0.6942(7)  0.3754(8)  0.3217(10)  3.8(2) 
O35     0.4428(14)  0.0792(13)  0.008(2)  8.3(7) 
O36     0.5144(12)  0.1452(9)  0.0875(11)  4.9(4) 
N23     0.7922(7)  0.2356(7)  0.2246(9)  2.5(2) 
N24     0.6214(8)  0.0276(7)  0.1013(9)  2.8(2) 
N25     0.7467(8)  0.3734(7)  0.2973(9)  3.1(2) 
N34     0.4842(13)  0.1023(17)  0.0669(17)  8.2(10) 
C2      0.8464(9)  0.2516(10)  0.1675(9)  2.7(3) 
C3      0.6267(9)  0.1055(8) -0.0147(13)  3.1(3) 
C4      0.7990(14)  0.2982(14)  0.5187(14)  4.5(4) 
C5      0.5984(8)  0.0754(8)  0.0730(12)  2.9(3) 
C6      0.8136(11)  0.3171(12)  0.4351(11)  3.4(3) 
C7      0.7154(10) -0.0150(11)  0.2558(17)  4.3(4) 
C8      0.6766(15)  0.1606(14) -0.1721(14)  4.7(4) 
C9      0.7545(13)  0.2211(15)  0.5374(13)  4.4(4) 
C10     0.6355(11)  0.0647(10) -0.0786(12)  3.5(3) 
C11     0.7290(13)  0.1760(16)  0.4813(15)  4.8(5) 
C12     0.8711(12)  0.2006(15)  0.0457(15)  5.3(6) 
C13     0.5124(11)  0.0392(13)  0.0787(16)  4.4(4) 
C14     0.7885(15)  0.0492(10)  0.261(3)  7.5(10) 
C15     0.8223(17)  0.1277(14)  0.0037(19)  6.1(7) 
C16     0.7400(8)  0.3119(8)  0.2465(11)  2.5(2) 
C17     0.6453(14)  0.1763(11) -0.0341(16)  4.6(4) 
C18     0.6709(15)  0.2044(12) -0.1155(19)  5.3(5) 
C19     0.7163(17) -0.0814(13)  0.242(2)  6.5(7) 
C20     0.8799(16)  0.2533(15) -0.0187(18)  5.4(5) 
C21     0.952(5)  0.233(8)  0.083(4)  32(7) 
C22     0.6746(19) -0.0197(14)  0.3379(18)  7.0(9) 
C27     0.6599(8)  0.0370(9)  0.1709(11)  2.7(3) 
C28     0.7381(11)  0.1930(12)  0.3939(11)  3.5(3) 
C31     0.7826(9)  0.2667(10)  0.3706(11)  2.8(3) 
C32     0.6602(15)  0.0927(15) -0.1530(14)  4.9(4) 
C37     0.965(4)  0.693(4)  0.304(4)  10.9(14) 
C39     0.7954(8)  0.2894(8)  0.2788(11)  2.5(2) 
C40     0.905(4)  0.634(4)  0.236(5)  12.8(19) 
Beq = 8/3 p
2(U11(aa*)
2 + U22(bb*)
2 + U33(cc*)
2 + 2U12(aa*bb*)cos g + 2U13(aa*cc*)cos b + 2U23(bb*cc*)cos a) 
 
Table 2. Atomic coordinates and Biso involving hydrogen atoms 
atom    x    y    z  Biso 
H4      0.81679  0.33315  0.56208  5.394 
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H5      0.61920  0.11705  0.11255  3.491 
H6      0.84555  0.36576  0.42100  4.110 
H8      0.69273  0.17802 -0.22734  5.616 
H9      0.74538  0.20594  0.59436  5.323 
H10     0.62337  0.01664 -0.06748  4.163 
H11     0.70157  0.12705  0.49700  5.755 
H14A    0.81418  0.05489  0.20840  8.962 
H14B    0.81492  0.04301  0.30767  8.962 
H14C    0.78455  0.09193  0.27149  8.962 
H15A    0.77679  0.12444 -0.01215  7.332 
H15B    0.81310  0.08909  0.04312  7.332 
H15C    0.84586  0.12316 -0.04676  7.332 
H17     0.64074  0.20545  0.00744  5.465 
H18     0.68353  0.25208 -0.12977  6.381 
H19A    0.74182 -0.07765  0.18910  7.831 
H19B    0.66704 -0.12143  0.23756  7.831 
H19C    0.74073 -0.08970  0.28854  7.831 
H20A    0.90272  0.30120  0.00646  6.469 
H20B    0.83287  0.24133 -0.04111  6.469 
H20C    0.91003  0.25246 -0.06434  6.469 
H21A    0.95284  0.19946  0.12476  38.821 
H21B    0.96792  0.27924  0.10973  38.821 
H21C    0.98527  0.23881  0.03702  38.821 
H22A    0.69854 -0.02751  0.38570  8.408 
H22B    0.62524 -0.05956  0.33388  8.408 
H22C    0.67418  0.02521  0.34606  8.408 
H23     0.75532  0.19180  0.22734  3.036 
H24     0.60943 -0.01094  0.07092  3.362 
H28     0.71545  0.15671  0.35251  4.242 
H32     0.66678  0.06473 -0.19437  5.876 
H39     0.84450  0.33216  0.27412  3.013 
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Chapter 4 
4.1 Synthesis of -diiodnitroalkane 4-2a.  
 
Scheme S-1. Synthesis pf nitroalkane 4-2a 
Synthesis nitroalkane 4-1a: Iodide compound was dissolved in dry Et2O (50 mL), then AgNO2 was added by one-portion. 
The reaction mixture was stirred at r.t. until all the iodide compound was completely consumed. Then filter and 
concentrated under reduced pressure to afford crude compound 4-1a, which was columned via silica gel chromatography 
(Hex/EA = 10/1) to give pure 4-1a (62.5%) as a colorless sticky oil. 
 
1H NMR (400 MHz, CDCl3): δ 2.28-2.35 (m, 2H), 2.71 (t, J = 7.2 Hz, 2H), 4.35 (t, J = 7.2 Hz, 2H), 7.16-7.32 (m, 5H).  
13C NMR (100 MHz, CDCl3): δ 28.82, 32.21, 74.64, 126.58, 128.42, 128.70, 139.44.  
IR (neat): 2929, 1552, 1383, 701 cm-1. 
HRMS (ESI): m/z calcd. for C9H11NNaO2 (M + Na)+ 188.0682; found: 188.0885. 
Synthesis -diiodonitroalkane 4-2a: Nitroalkane 4-1a (25 mmol) was dissolved in methanol (50 mL) in a two necked 
flask. The flask was degassed using freeze-pump-thaw techniques and backfilled with nitrogen (3 cycles). Next, K2CO3 
(2.0 equiv.) was added by one portion at 0 °C and the reaction stirred for 10 min. Then cooled the reaction mixture to -
30 °C and I2 (2.0 eq.) was added at same reaction temperature, further stirring for 10 min. The mixture was then quenched 
with NH4Cl (400 mL) and extracted with pre-cooled CH2Cl2 (-30 ºC, 150×2mL). The organic phase was dried over Mg2SO4 
and keep the flask at -30 ºC bath. Then filtered and concentrated under reduced pressure at ice bath to afford yellow solid 
crude compound. The crude product was purified via recrystallization (CH2Cl2 + Hexane) in refrigerator for 3 times (-30 
ºC) to obtain yellow crystal 4-2a (yield = 40 %) as show in bellow. (Caution: The key to observe sigmoidal kinetic profile 
is the purity of -diiodonitroalkane 4-2a.This compound can be stored at -30 °C more than half one year without any 
decomposition).  
 
 
 
1H NMR (400 MHz, CD3CN): δ 2.76-2.80 (m, 2H), 3.01-3.14 (m, 2H), 7.23-7.36 (5H). 
13C NMR (100 MHz, CD3CN): δ 23.29, 42.10, 59.39, 131.91, 133.97, 143.68. 
Good quality！ 
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4.2 Kinetic study of -diiodonitroalkane 4-2a reacting with MeOH and amine using 1H NMR. 
 
Procedure: To a 10 mL reaction tube, -diiodonitroalkane 4-2a (0.4 mmol) and dry CH3CN (4 mL, pre-saturated with 
O2) were mixed and put under an O2-balloon atmosphere. CH2Br2 (0.4 mmol) was added as internal standard. After that, 
MeOH (2.0 mmol) and K2CO3 (0.6 mmol) were added under fast, but smooth stirring at r.t. Every 10 minutes, take out 100 
L reaction mixture and diluted by CDCl3 (600 L), checking 1H NMR to estimate the yield of ester.  
Organic phase: 
 
1H NMR (400 MHz, CDCl3): δ 2.62 (t, J = 8.0 Hz, 2H), 2.94 (t, J = 8.0 Hz, 2H), 7.18-7.30 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 30.92, 35.68, 51.60, 126.25, 128.25, 128.49, 140.49, 173.33. 
HRMS (ESI): m/z calcd. for C10H12NaO2 [M+Na]+ 187.0730; found:187.0716. 
Water phase: 
(The data is consistent with auto-sample) 
1H NMR (400 MHz, D2O): δ 2.66-2.70 (m, 2H), 2.93-2.97 (m, 2H), 7.18-7.30 (m, 5H).  
13C NMR (100 MHz, CDCl3): δ 27.98, 32.86, 123.79, 125.66, 125.97, 137.54, 175.80. 
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Figure S-1. 1H NMR study of trifluroethylamine reacting with -diidonitroalkane 4-2a.   
Procedure: To a 10 mL reaction tube, -diiodonitroalkane 2a (0.4 mmol) and dry CH3CN (4 mL, pre-saturated with O2) 
were mixed and put under an O2-balloon atmosphere. CH2Br2 (0.4 mmol) was added as internal standard. After that, 
CF3CH2NH2 (0.6 mmol) and K2CO3 (0.6 mmol) were added under fast, but smooth stirring at r.t. Every 10 minutes, take 
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out 100 L reaction mixture and diluted by CDCl3 (600 L), checking 1H NMR to estimate the yield of amide.  
 
White solid, yield = 50%. 
1H NMR (400 MHz, CDCl3): δ 2.53 (t, J = 7.6 Hz, 2H), 2.97 (t, J = 7.6 Hz, 2H), 3.82-3.90 (m, 2H), 5.63 (br s, 1H), 7.16-
7.30 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 31.33, 38.11, 40.55 (q, J = 35 Hz, 1C), 123.95 (q, J = 276.8 Hz, 1C), 126.42, 128.25, 
128.61, 140.27. 
IR (neat): 3308, 2360, 1662, 1558, 1158, 701 cm-1. 
HRMS (ESI): m/z calcd. for C11H12F3NNaO (M + Na)+ 254.0763; found 254.0765. 
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Figure S-2. 1H NMR study of benzylamine with -diidonitroalkane 4-2a   
Procedure: To a 10 mL reaction tube, -diiodonitroalkane 2a (0.4 mmol), dry CH3CN (4 mL, pre-saturated with O2) 
were mixed and put under an O2-balloon atmosphere. CH2Br2 (0.4 mmol) was added as internal standard. After that, 
PhCH2NH2 (2.0 mmol) and K2CO3 (0.6 mmol) were added under fast, but smooth stirring at -10 °C. Every 10 minutes, 
take out 100 L reaction mixture and diluted by CDCl3 (600 L), checking 1H NMR.  
White solid, yield = 75%. 
 
1H NMR (400 MHz, CDCl3): δ 2.48 (t, J = 7.6 Hz, 2H), 2.96 (t, J = 7.6 Hz, 2H), 3.45 (d, J = 5.6 Hz, 2H), 5.95 (br s, 1H), 
7.11-7.30 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 31.71, 38.38, 43.49, 126.23, 127.38, 127.68, 128.39, 128.53, 128.61, 138.19, 140.78, 
172.02. 
IR (neat): 3287, 1637, 1541, 1454, 697 cm-1. 
HRMS (ESI): m/z calcd. for C16H17NNaO (M + Na)+ 262.1202; found: 262.1203. 
4.3 React IR analysis 
Instrument Information: React IR 15, Probe A: ReactIR 15 (SN:Unspecified) with MCT Detector using HappGenzel 
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apodization; DiComp (Diamond) probe (SN:Unspecified) connected via AgX 6mm x 1.5m Fiber (Silver Halide); Sampling 
2500 to 650 at 8 wavenumber resolution; Scan option: AutoSelect; Gain: 1x. 
(No reaction proceed)        (After reaction proceed) 
To a reaction flask (10 mL), -diiodonitroalkane 4-2a (0.3 mmol), MeOH (1.5 mmol), dry CH3CN (6 mL, pre-saturated 
with O2) were mixed and put under an O2-balloon atmosphere. Until all the yellow solid dissolved in CH3CN. The react IR 
probe was inserted into the solution, then K2CO3 (0.15 mmol) were added under fast, but smooth stirring at r.t. Finally, I2 
or NEt4I was added one portion and the react-IR start record the reaction every 1 minutes. After the reaction was finished, 
CHCl3 was added to the reaction and the precipitate filtered through a short silica gel column with additional solvent then 
washed by sat. Na2S2O3. The combined organic solution was dried over anhydrous magnesium sulfate, the solvent removed 
in vacuo and the crude product purified without further purification to give the pure ester without further purification. 
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4.4 Preparing starting materials 
 
Procedure: To a 100 mL flask, ketone (1 equiv.) and MeNO2 (5 equiv.) was dissolved in MeOH (50 mL, pre-saturated 
with NH3 gas). The reaction mixture stirred overnight at r.t. After that, all the volatile compounds were removed in vacuo 
to give crude product. Further dissolve all the crude product in CH2Cl2 and cooled to 0 °C, CbzCl (20 mmol) and NEt3 (20 
mmol) was added and stirred at r.t. for 3 h. The reaction mixture was quenched by sat. NH4Cl solution and extracted with 
CHCl3. The combined organic solution was dried over anhydrous magnesium sulfate, the solvent removed in vacuo to give 
crude product, which was columned via silica gel chromatography(Hexane/ Ethyl Acetate = 3/1) to give pure 4-12. 
 
1H NMR (400 MHz, CDCl3): 1.42 (s, 6H), 4.73 (s, 2H), 4.89 (br s, 1H), 5.09 (s, 2H), 7.30-7.35 (s, 5H). 
13C NMR (100 MHz, CDCl3): 25.56, 52.25, 66.63, 80.78, 127.97, 128.20, 128.56, 136.12, 154.64. 
IR (neat): 2982, 1716, 1550, 1250, 1090 cm-1. 
HRMS (ESI): m/z calcd. for C12H16N2NaO4 (M + Na)+ 275.1002; found: 275.1400. 
 
1H NMR (400 MHz, CDCl3): 1.28-1.31 (m, 1H), 1.46-1.63 (m, 8H), 2.02-2.05 (m, 2H), 4.67 (br s, 1H), 4.77 (s, 2H), 
5.10 (s, 2H), 7.29-7.37 (m, 5H). 
13C NMR (100 MHz, CDCl3): 20.95, 25.07, 32.90, 54.62, 66.60, 80.21, 127.91, 128.17, 128.56, 136.20, 154.64.0, 
154.64. 
IR (neat): 3342, 2937, 1717, 1547, 1253, 1221 cm-1. 
HRMS (ESI): m/z calcd. for C15H20N2NaO4 (M + Na)+ 315.1315; found: 315.1318. 
 
 
Step1: To a 200 mL flask, MeNO2 (50 mmol) and ketone (10 mmol) was dissolved in MeOH (50 mL). The reaction mixture 
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was cooled to 0 °C. After that, NaOH solution (50 mmol in 20 mL water) was slowly added and keep the reaction stirred 
at the same temperature until the ketone was disappeared by TLC monitoring. The reaction mixture was diluted with water, 
which was neutralized by 1M HCl solution and extracted with CHCl3. The combined organic solution was dried over 
anhydrous magnesium sulfate, the solvent removed in vacuo to give crude product, which was columned via silica gel 
chromatography to give pure S-1. 
Step 2:  
 
1H NMR (400 MHz, CDCl3): 1.56-1.66 (m, 2H), 1.76-1.99 (m, 3H), 2.12-2.20 (m, 2H), 2.47-2.54 (m, 2H), 3.47 (s, 
3H), 4.55 (s, 2H), 4.83 (s, 2H), 7.17-7.31 (m, 5H). 
13C NMR (400 MHz, CDCl3): 28.51, 32.93, 33.95, 41.35, 43.06, 56.42, 75.09, 83.15, 91.34, 126.23, 126.71, 128.43, 
146.26. 
IR (neat): 2360, 1550, 1024, 1141 cm-1. 
HRMS (ESI): m/z calcd. for C15H21NNaO4 (M + Na)+ 302.1363; found: 302.1366. 
 
Step 1: To a 10 mL flask, MeNO2 (50 mmol) and ketone (10 mmol) was dissolved in distilled MeOH (50 mL). Then NaOH 
solution (50 mmol in 20 mL water) was slowly added and reflux overnight. The reaction mixture was diluted with water, 
which was neutralized by 1M HCl solution and extracted with CHCl3. The combined organic solution was dried over 
anhydrous magnesium sulfate, the solvent removed in vacuo to give crude product, which was columned via silica gel 
chromatography to give pure S-3. 
Step 2: To the solution of S-3 (5.0 mmol) in 20 ml of anhydrous Et2O at -20 °C under Ar, Grignard Reagents (1 equiv.) in 
diethylether was added dropwise to the reaction. The mixture was stirred at -20 °C for 20 min, then warmed to R.T. over 
2 hr, then poured onto excess ice. The mixture was made slightly acidic with 1M HCl solution. The aqueous layer was 
extracted once with ether. The combined organic layers were washed twice with water, made slightly acidic with dilute 
hydrochloric acid, and washed twice with saturated sodium chloride solution. After drying with anhydrous magnesium 
sulfate, solvent removal and column purification (Hexane/EA= 1/5).  
 
Sticky oil, 70%. 
1H NMR (400 MHz, CDCl3): 0.73 (t, J = 7.2 Hz, 3H), 1.71-1.78 (m, 1H), 1.92-1.98 (m, 1H), 4.54 (d, J = 10.8 Hz, 1H), 
4.59 (d, J = 10.8 Hz, 1H), 7.23-7.37 (m, 5H). 
13C NMR (100 MHz, CDCl3): 8.24, 21.86, 32.31, 42.66, 86.19, 126.17, 126.94, 128.60, 142.02. 
IR (neat): 2973, 1549, 1375, 700 cm-1. 
HRMS (ESI): m/z calcd. for C11H15NNaO2 (M + Na)+ 216.0995; found: 216.0993. 
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 Sticky oil, 70% 
1H NMR (400 MHz, CDCl3): (s, 3H), 5.10 (s, 2H), 7.16-7.34 (m, 10H). 
13C NMR (100 MHz, CDCl3): 25.56, 52.25, 66.63, 80.78, 127.97, 128.20, 128.56, 136.12, 154.64. 
IR (neat): 2616, 1552, 699 cm-1. 
HRMS (ESI): m/z calcd. for C15H15NNaO2 (M + Na)+ 264.0995; found: 264.0992. 
 
White solid, 80% 
1H NMR (400 MHz, CDCl3):  3.77 (s, 2H), 5.05 (s, 2H), 6.74 (d, J = 7.2 Hz, 2H), 7.03-7.32 (m, 13H).  
13C NMR (400 MHz, CDCl3): 42.60, 51.48, 80.95, 126.80, 127.23, 127.83, 127.96, 128.31, 131.07, 136.04, 143.73. 
IR (neat): 3024, 1550, 1493, 1447, 1376, 755, 698 cm-1. 
HRMS (ESI): m/z calcd. for C21H19NNaO2 (M+Na)+ 340.1308; found 340.1304. 
 
To the solution of S-3 (5 mmol) in THF/MeOH = 10/1 (20 mL) at 0 °C under argon, NaBH4 (0.38 g, 10 mmol) was added 
slowly. After stirring for 20 min, the reaction was treated with 1N HCl and extracted with Et2O three times, the combined 
organic layers were washed with brine (30 mL), dried (MgSO4), filtered and evaporated to leave the crude product, which 
was purified by column chromatography over silica gel (hexane:ethyl acetate = 9:1) to provide 4-1a (1.42 g, 91%) as sticky 
oil.  
1H NMR (400 MHz, CDCl3): 1.37 (d, J = 6.8 Hz, 3H), 3.59-3.65 (m, 1H), 4.47 (dd, J = 8.4, 12 Hz, 1H), 4.54 (dd, J = 
7.6, 12 Hz, 1H), 7.20-7.35 (m, 5H). 
13C NMR (100 MHz, CDCl3): 18.71, 38.63, 81.85, 126.89, 127.56, 128.96, 140.86. 
IR (neat): 2973, 1552, 1383, 1022, 766, 701 cm-1. 
4.5 Characterization of esters.   
Typical procedure: To a 10 mL flask, nitroalkanes 4-12 (0.2 mmol) were dissolved in distilled dry MeOH (2 mL, pre-
saturated with O2). Then MeOK (3 equiv.) was added and stirred for 5 min until all the solid completely disappeared. I2 
(1.2 equiv.) was added under fast, but smooth stirring. After the nitroalkane 4-12 disappeared by TLC monitoring, the 
reaction was quenched with sat. Na2S2O3 solution and extracted with CHCl3. The combined organic solution was dried 
over anhydrous magnesium sulfate, the solvent removed in vacuo to give crude product, which was columned via silica 
gel chromatography to give pure 4-13. 
 
Sticky oil, yield = 70%. 
1H NMR (400 MHz, CDCl3): δ 1.53 (s, 6H), 3.70 s, (3H), 5.07 (s, 2H), 5.38 (br s, 1H), 7.28-7.35 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 25.14, 52.61, 56.47, 66.52, 128.04, 128.07, 128.48, 128.52, 136.39, 154.88, 175.04. 
IR (neat): 3355, 1717, 1552, 1456, 1292, 1252, 1153, 1075, 699 cm-1. 
HRMS m/z calcd. for C13H17NNaO4 (M + Na)+ 274.1050; found: 274.1054. 
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 Sticky oil, yield = 65%. 
1H NMR (400 MHz, CDCl3): δ 1.24-1.33 (m, 1 H), 1.39-1.49 (m, 2H), 1.59-1.63 (m, 3H), 1.80-1.87 (m, 2H), 1.98-2.02 
(m, 2H). 
13C NMR (100 MHz, CDCl3): δ 3.66 (br s, 3H), 4.95 (br s, 1H), 5.07 (s, 2H), 7.28-7.36 (5H). 
13C NMR (100 MHz, CDCl3): δ 21.20, 25.11, 32.60, 52.28, 59.11, 66.67, 128.05, 136.37, 155.19, 174.82. 
IR (neat): 3353, 2945, 128.10, 128.48, 128.52, 1734, 1523, 1455, 1281, 1258, 1236, 1069, 740, 699 cm-1. 
HRMS m/z calcd. for C16H21NNaO4 (M + Na)+ 314.1363; found: 314.1365. 
 
Sticky oil, yield = 68%. 
1H NMR (400 MHz, CDCl3): δ 1.74-1.87 (m, 6H), 2.18-2.21 (m, 2H), 2.48-2.57 (m, 1H), 3.47 (s, 3H), 3.73 (s, 3H), 4.76 
(s, 2H), 7.16-7.31 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 28.42, 32.46, 33.95, 41.35, 43.13, 52.14, 56.46, 77.85, 92.88, 126.112, 126.74, 128.38, 
146.72, 175.17. 
IR (neat): 2949, 1738, 1450, 1243, 1144, 1028, 701 cm-1. 
HRMS m/z calcd. for C16H22NaO4 (M + Na)+ 301.1410; found: 301.1410. 
 
Sticky oil, yield = 60%. 
1H NMR (400 MHz, CDCl3): δ 0.81 (t, J = 7.2 Hz, 3H), 1.52 (s, 3H), 1.92-1.99 (m, 1H), 2.05-2.12 (m, 1H), 3.64 (s, 
3H), 7.20-7.35 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 9.11, 22.20, 31.80, 50.65, 52.01, 125.99, 126.58, 128.31`, 143.84, 176.80. 
IR (neat): 2974, 1731, 1240, 1147, 699 cm-1. 
HRMS (ESI): m/z calcd. for C12H16NaO2 (M + Na)+ 215.1043; 215.1044. 
 
White solid, yield = 75%. 
1H NMR (400 MHz, CDCl3): δ 1.93 (s, 3H), 3.73 (s, 3H), 7.20-7.32 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 27.09, 52.48, 56.55, 126.81, 127.99, 128.07, 144.38, 175.63. 
IR (neat): 2992, 1732, 1496, 1447, 1240, 699 cm-1. 
HRMS m/z calcd. for C16H16NaO2 (M + Na)+ 263.1043; found: 263.1042. 
 
White solid, yield = 79%. 
1H NMR (400 MHz, CDCl3): δ 3.68 (s, 3H), 3.71 (s, 2H), 6.65-6.67 (s, 2H), 5.38 (br s, 1H), 7.28-7.35 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 44.42, 52.18, 62.04, 126.23, 126.81, 127.44, 127.63, 129.25, 130.83, 137.28, 142.73, 
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173.99. 
IR (neat): 3029, 1732, 1497, 1446, 1219, 700 cm-1. 
HRMS m/z calcd. for C22H20NaO2 (M + Na)+ 339.1356; found: 339.1355. 
 
Sticky oil, yield = 60% 
1H NMR (400 MHz, CDCl3): δ 1.49 (d, J = 7.2 Hz, 3H), 3.65 (s, 3H), 3.71 (q, J = 7.2 Hz, 1H), 7.22-7.33 (m, 5H). 
13C NMR (100 MHz, CDCl3): δ 18.57, 45.39, 51.99, 127.11, 127.44, 128.61, 140.53, 174.99. 
IR (neat): 2982, 1736, 1580, 1454, 1209, 1166, 699 cm-1. 
HRMS (ESI): m/z calcd. for C10H12NaO2 (M+Na)+187.0730; Found 187.0727. 
 
Sticky oil, yield = 61%. 
The NMR data is consistent with previous report: Y. X. Gao, L. Chang, H. Shi, B. Liang, K. Wongkhan, D. D. Chaiyaveij, 
A.S. Batsanov, T. B. Marder, C.-C. Li, Z. Yang, and Y. Huanga, Adv. Synth. Catal. 2010, 352, 1955–1966. 
1H NMR (400 MHz, CDCl3): δ 2.65 (dd, J = 5.2, 18.8 Hz, 1H), 3.19 (dd, J = 10, 16.8 Hz, 1H), 3.65 (s, 3H), 3.66 (s, 3H), 
4.07 (dd, J = 5.2, 10Hz, 1H), 7.23-7.33 (m, 5H).  
13C NMR (100 MHz, CDCl3): δ37.60, 47.06, 51.85, 52.35, 127.66, 127.70, 128.87, 137.63, 171.96, 173.41. 
6.2 X-Ray structure of-diiodonitroalkane 4-2a  
The single crystal of 4-2a suitable for X-ray analysis was grown in a solution of dichloromethane/Hexane at -30 °C under 
Ar. A yellow block crystal of C9H9I2NO2 having approximate dimensions of 0.400×0.400×0.300 mm was mounted on a 
glass fiber. All measurements were made on a Rigaku XtaLAB mini diffractometer using graphite monochromated Mo-Ka 
radiation. The crystal-to-detector distance was 50.11 mm. The data were collected at a temperature of -123±1 °C to a 
maximum 2q value of 55.0o. A total of 540 oscillation images were collected. A sweep of data was done using w scans 
from -60.0 to 120.0o in 1.00o step, at c=54.0o and f = 0.0o. The exposure rate was 12.0 [sec./o]. The detector swing angle 
was 30.00o.  A second sweep was performed using w scans from -60.0 to 120.0o in 1.00o step, at c=54.0o and f = 120.0o. 
The exposure rate was 12.0 [sec./o]. The detector swing angle was 30.00o.  Another sweep was performed using w scans 
from -60.0 to 120.0o in 1.00o step, at c=54.0o and f = 240.0o. The exposure rate was 12.0 [sec./o]. The detector swing 
angle was 30.00o.  Another sweep was performed using w scans from -60.0 to 120.0o in 1.00o step, at c=54.0o and f = 
0.0o. The exposure rate was 12.0 [sec./o]. The detector swing angle was 30.20o.  Another sweep was performed using w 
scans from -60.0 to 120.0o in 1.00o step, at c=54.0o and f = 120.0o. The exposure rate was 12.0 [sec./o]. The detector 
swing angle was 30.20o.  Another sweep was performed using w scans from -60.0 to 120.0o in 1.00o step, at c=54.0o and 
f = 240.0o. The exposure rate was 12.0 [sec./o]. The detector swing angle was 30.20o.  The crystal-to-detector distance 
was 50.11 mm. Readout was performed in the 0.073 mm pixel mode. Crystallographic data has been deposited with the 
Cambridge Crystallographic Data Center, CCDC reference number:  1437079. 
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 EXPERIMENTAL DETAILS  
A. Crystal Data  
Empirical Formula C9H9I2NO2 
Formula Weight 416.98 
Crystal Color, Habit yellow, block 
Crystal Dimensions 0.400 × 0.400 × 0.300 mm 
Crystal System orthorhombic 
Lattice Type Primitive 
Lattice Parameters a = 12.08000 Å 
 b = 11.70400 Å 
 c = 16.18200 Å 
 V = 2287.88107 Å3 
Space Group Pbca (#61) 
Z value 8 
Dcalc 2.421 g/cm
3 
F000 1536.00 
m(MoK) 54.758 cm-1 
B. Intensity Measurements 
Diffractometer XtaLAB mini 
Radiation MoK (l = 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50kV, 12mA 
Temperature -123.0 °C 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
 oscillation Range (=54.0,=0.0) -60.0 - 120.0° 
Exposure Rate  12.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =120.0) -60.0 - 120.0o 
Exposure Rate  12.0 sec./o 
Detector Swing Angle 30.00o 
 
 oscillation Range (=54.0, =240.0) -60.0 - 120.0o 
Exposure Rate  12.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =0.0) -60.0 - 120.0o 
Exposure Rate  12.0 sec./o 
Detector Swing Angle 30.20o 
 oscillation Range (=54.0, =120.0) -60.0 - 120.0o 
Exposure Rate  12.0 sec./o 
Detector Swing Angle 30.20o 
 oscillation Range (=54.0, =240.0) -60.0 - 120.0o 
Exposure Rate  12.0 sec./o 
Detector Swing Angle 30.20o 
Detector Position 50.11 mm 
Pixel Size 0.073 mm 
2max 55.0
o 
No. of Reflections Measured Total: 20398 
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 Unique: 2620 (Rint = 0.0807) 
Corrections Lorentz-polarization 
  Absorption 
  (trans. factors: 0.103 - 0.193) 
C. Structure Solution and Refinement 
Structure Solution Charge Flipping (Superflip) 
Refinement Full-matrix least-squares on F2 
Function Minimized S w (Fo2 - Fc2)2  
Least Squares Weights  = 1/ [ s2(Fo2) + (0.0820 . P)2  
 + 55.3747 .  P ] 
 where P = (Max(Fo2,0) + 2Fc2)/3 
2max cutoff 55.0
o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 2620 
No. Variables 127 
Reflection/Parameter Ratio 20.63 
Residuals: R1 (I>2.00s(I)) 0.0716 
Residuals: R (All reflections) 0.0743 
Residuals: R2 (All reflections) 0.2096 
Goodness of Fit Indicator 1.193 
Max Shift/Error in Final Cycle 0.001 
Maximum peak in Final Diff. Map 3.43 e-/Å3 
Minimum peak in Final Diff. Map -2.81 e-/Å3 
 
Table 1. Atomic coordinates and Biso/Beq 
atom    x    y    z  Beq 
I1     -0.05195(7)  1.16338(7)  0.13541(5)  2.46(2) 
I2      0.17729(8)  1.09930(8)  0.26361(6)  3.22(2) 
O7     -0.0352(10)  0.9763(10)  0.3179(6)  4.1(2) 
O8     -0.0882(10)  0.8909(10)  0.2095(8)  4.4(2) 
N3     -0.0307(9)  0.9582(9)  0.2457(7)  2.62(18) 
C6      0.0486(10)  1.0264(10)  0.1891(8)  2.32(19) 
C12     0.1920(9)  0.7723(10)  0.0811(7)  2.20(19) 
C13     0.0936(10)  0.9522(10)  0.1211(7)  2.19(18) 
C14     0.1208(11)  0.6827(11)  0.0630(11)  3.4(3) 
C15     0.1427(14)  0.6131(12) -0.0079(11)  3.7(3) 
C16     0.2356(15)  0.6333(13) -0.0530(9)  4.0(3) 
C17     0.3065(12)  0.7200(13) -0.0327(9)  3.3(2) 
C18     0.2842(11)  0.7897(10)  0.0347(8)  2.6(2) 
C19     0.1619(14)  0.8498(13)  0.1520(8)  3.5(3) 
Beq = 8/3 
2(U11(aa*)
2 + U22(bb*)
2 + U33(cc*)
2 + 2U12(aa*bb*)cos  + 2U13(aa*cc*)cos  + 2U23(bb*cc*)cos ) 
 
Table 2. Atomic coordinates and Biso involving hydrogen atoms 
atom    x    y    z  Biso 
H13A    0.14067  0.99951  0.08454  2.628 
H13B    0.03095  0.92332  0.08760  2.628 
H14     0.05848  0.66772  0.09711  4.065 
H15     0.09318  0.55365 -0.02311  4.485 
H16     0.25146  0.58650 -0.09947  4.791 
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H17     0.37121  0.73246 -0.06483  3.979 
H18     0.33369  0.84989  0.04843  3.095 
H19A    0.23022  0.87762  0.17909  4.186 
H19B    0.11848  0.80646  0.19336  4.186 
 
Table 3. Anisotropic displacement parameters 
atom   U11   U22   U33   U12   U13   U23 
I1     0.0337(5) 0.0280(4) 0.0316(4)  0.0096(3) -0.0029(3)  0.0017(3) 
I2     0.0401(6) 0.0399(5) 0.0425(6) -0.0048(4) -0.0068(4)  0.0006(4) 
O7     0.062(7) 0.057(7) 0.036(5) -0.013(6)  0.008(5)  -0.004(5) 
O8     0.044(6) 0.053(7) 0.070(7) -0.019(5)  0.007(6) -0.017(6) 
N3     0.040(6) 0.027(5) 0.032(5)  0.008(5)  0.001(4)  0.000(4) 
C6     0.029(6) 0.027(6) 0.032(6)  0.012(5) -0.007(5)  0.001(5) 
C12    0.027(5) 0.032(6) 0.025(5)  0.018(4)  0.002(4)  0.001(4) 
C13    0.031(6) 0.028(6) 0.024(5)  0.007(5)  0.000(4)  0.001(4) 
C14    0.031(6) 0.026(6) 0.072(10)  0.009(5)  0.003(6)  0.015(6) 
C15    0.054(9) 0.025(6) 0.063(9)  0.005(6) -0.012(8) -0.007(6) 
C16    0.071(11) 0.039(7) 0.042(8)  0.019(8) -0.014(7) -0.013(6) 
C17    0.040(7) 0.042(8) 0.044(7)  0.013(6)  0.012(6)  0.000(6) 
C18    0.035(6) 0.020(5) 0.042(7)  -0.001(5)  0.005(5)  -0.002(5) 
C19    0.056(9) 0.047(8) 0.029(6)  0.026(7)  0.003(6)  0.005(6) 
The general temperature factor expression: exp(-2p2(a*2U11h
2 + b*2U22k
2 + c*2U33l
2 + 2a*b*U12hk + 2a*c*U13hl + 
2b*c*U23kl)) 
 
Table 4. Bond lengths (Å) 
atom atom distance  atom atom distance 
I1 C6 2.191(12)  I2 C6 2.145(12)  
O7 N3 1.188(15)  O8 N3 1.202(16)  
N3 C6 1.547(16)  C6 C13 1.503(17)  
C12 C14 1.387(18)  C12 C18 1.359(17)  
C12 C19 1.507(18)  C13 C19 1.54(2)  
C14 C15 1.43(2)  C15 C16 1.36(2)  
C16 C17 1.37(2)  C17 C18 1.389(19)  
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Chapter 5 
5.1. Preparation of starting materials 
 
Scheme S-1. Synthesis malononitrile 5-1a.  
Procedure of preparing 5-1a: Piperidine (2-3 drops) was added to a solution of benzaldehyde (2.12 g, 20 mmol) and 
malononitrile (1.32 g, 20 mmol) in 20 mL EtOH under argon. The reaction was refluxed for 2–3 h. A precipitate formed 
upon cooling the reaction mixture to room temperature. The crude product was filtered and recrystallized from ethanol to 
yield 2-benzylidenemalononitrile S-1 in 75% yield.[1]  
To the solution of S-1 (1.54 g, 10 mmol) in CH3CN (20 mL) at -30 °C under argon, NaBH4 (0.38 g, 10 mmol) was added 
slowly. After stirring for 20 min, the reaction was treated with 1N HCl and extracted with Et2O three times, the combined 
organic layers were washed with brine (10 mL), dried (MgSO4), filtered and evaporated to leave the crude product, which 
was purified by column chromatography over silica gel (hexane:ethyl acetate = 5:1) to provide 5-1a (1.42 g, 91%) as a 
white solid; the data was consistent with previous report.[2]  
 
1H NMR (400 MHz, CDCl3): 3.27 (d, J = 6.8 Hz, 2H), 3.89 (t, J = 7.2 Hz, 1H), 7.30-7.42 (m, 5H). 
13C NMR (100 MHz, CDCl3):   
 
The procedure to prepare 1a was followed. 
1H NMR (400 MHz, CDCl3): 1.02 (t, J = 7.6 Hz, 3H), 1.61-1.70 (m, 2H), 1.98- 2.02 (m, 2H), 3.07 (t, J = 6.8 Hz, 1H). 
13C NMR (100 MHz, CDCl3): 
 
Scheme S-2. Synthesis malononitrile 5-1c.  
Procedure of preparing 5-1c:[3] To a cooled (0 °C) slurry of NaH (15 mmol, 60 % in oil, pre-washed before use) in THF 
was added malononitrile (660 mg, 10 mmol) dropwise (caution: gas evolution). Upon complete addition, the mixture was 
allowed to warm to ambient temperature and, after the evolution of gas ceased, (PPh3)3 PdCl2
 
(101 mg, 0.15 mmol, 3 mol %) 
and iodobenzene (1.02 g, 5 mmol) were added. The resulting mixture was stirred at reflux overnight. Afterwards, the 
mixture was cooled to room temperature, quenched carefully by the addition of water, and concentrated in vacuo. Following 
extractive workup, the organic layer was dried (anhyd. Na2SO4), filtered, and concentrated. The phenylmalonitrile 1c was 
purified by chromatography on silica, giving a white solid (646 mg, 91.0 %).  
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1H NMR (400 MHz, CDCl3):  5.07 (m, 1H), 7.47 (s, 5H); 
13C NMR (100 MHz, CDCl3):  28.07, 111.86, 126.22, 127.21, 130.03, 130.36.1 
 
The procedure to prepare 5-1c was followed. 
1H NMR (400 MHz, CDCl3):  2.28 (s, 3H), 2.48 (s, 6H), 5.26 (s, 1H), 6.94 (s, 2H); 
13C NMR (100 MHz, CDCl3):  20.13, 20.89, 21.99, 111.48, 120.79, 130.65, 136.61, 140.47. 
 
Scheme S-3. Synthesis malononitrile 5-5a.  
Procedure to prepare t-Butylmalononitrile 5-5a:[4,5] To a stirred solution of acetone (22 mmol) and malononitrile (20 
mmol) in 40 mL CHCl3, A2O3 (basic, 10.0 g, 3 times) was added to the reaction mixture until the malononitrile disappeared 
(as monitored by TLC). The solid was then filtered off and evaporated to leave the crude product, which was purified by 
column chromatography over silica gel (hexane: ethyl acetate = 5:1) to provide the corresponding isopropylidene 
malononitrile S-2 (2.00 g, 95%) as a colourless oil. 
To the solution of isopropylidene malononitrile S-2 (1.59 g, 15.0 mmol) in 30 ml of anhydrous Et2O at -20 °C under Ar, 
methylmagnesium bromide (5 mL, 3 M) in diethylether was added dropwise to the reaction. The mixture was stirred at -
20 °C for 20 min, then warmed to R.T. over 2 hr, then poured onto excess ice. The mixture was made slightly acidic with 
1M HCl solution. The aqueous layer was extracted once with ether. The combined organic layers were washed twice with 
water, made slightly acidic with dilute hydrochloric acid, and washed twice with saturated sodium chloride solution. After 
drying with anhydrous magnesium sulfate, solvent removal and column purification (Hexane/EA= 1/5), a waxy solid was 
obtained (1.1 g, 60 %).  
1H NMR (400 MHz, CDCl3):  1.24 (s, 9H), 3.44 (s, 1H); 
13C NMR (100 MHz, CDCl3):  26.91, 35.84, 35.88, 111.97. 
 
Scheme S-4. Synthesis of malononitriles 5-1e and 5-1f.  
 
Following the procedure for the synthesis of 5-1a, the oily product 5-1f was obtained in 60 % total yield from 
cyclohexanone. 
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1H NMR (400 MHz, CDCl3):  1.16-1.36 (m, 5 H), 1.70-1.74 (m, 1H), 1.84-1.87(m, 2H), 1.95-2.01 (m, 3H), 3.55 (d, J = 
5.2 Hz, 1H); 
13C NMR (100 MHz, CDCl3): 
 
Following the procedure for the synthesis of t-butylmalononitrile 5-5a, the oily product 5-5b was obtained in a 58 % total 
yield from cyclohexanone.  
1H NMR (400 MHz, CDCl3): 1.24 (s, 3H), 1.26-1.30 (m, 1 H), 1.51-1.61 (m, 9H), 3.57 (s, 1H); 
13C NMR (100 MHz, CDCl3): 
 
Scheme S-5. Synthesis malononitrile 5-5c.  
Procedure: Benzylmagnesium bromide (12 mmol) was prepared from benzyl chloride (12 mmol) and Mg (15 mmol) in 
ether under Ar. The next procedure followed the procedure to prepare 5-5a; an oil product 5-5c was obtained, total yield = 
50 %. 
1H NMR (400 MHz, CDCl3):  1.25 (s, 6H), 2.82 (s, 2H), 3.39 (s, 1H), 7.17-7.19 (m, 2H), 7.29-7.36 (m, 3H). 
13C NMR (100 MHz, CDCl3):  24.69, 33.69, 39.39, 45.30, 112.05, 127.53, 128.72, 130.23, 135.09. 
 
Scheme S-6. Synthesis malononitrile 5-5d.  
Procedure:[6] The reaction was carried out under Argon. To the solution of aluminum chloride (655 mg, 5 mmol) and 
malononitrile (330 mg, 5 mmol) in 3 mL of nitromethane in 0 °C under Ar, 1-bromoadamantane (1.07 g, 5 mmol) was 
added. After that, the reaction mixture was allowed to warm to R.T. The reaction was worked up after 3 h by adding a 
saturated solution of sodium bicarbonate and extracting with methylene chloride, the combined organic layers were washed 
with brine (10 mL), dried (MgSO4), filtered and evaporated to give the crude product, which was purified by column 
chromatography over silica gel (hexane:ethyl acetate = 5:1) to provide the corresponding 5d (0.71 g, 71%) as a white solid. 
1H NMR (400 MHz, CDCl3):  3.42(s, H), 1.24 (s, 9H). 
13C NMR (100 MHz, CDCl3): 
 
Scheme S-7. Synthesis cis-malononitrile 5-18.  
S-4: Aldehyde[7] (1.4 g, 6 mmol) and TsCl (1.33g, 7 mmol) were dissolved in CH3CN (7 mL) and cooled to -10 °C, then a 
KCN solution (10 mmol KCN pre-dissolved in 3.5 mL H2O) was slowly added to the reaction mixture; after 20 min, the 
reaction was quenched with sat. Na2S2O3 solution and extracted with AcOEt with care; the combined organic layers were 
washed with brine (10 mL), dried (MgSO4), filtered and evaporated to leave the crude product, which was purified by 
99
column chromatography over silica gel (hexane:ethyl acetate = 3:1) to provide the corresponding S-4 (60%) as a sticky oil. 
5-18: To DMSO (5 mL), a solution of 18-crown-6 (2.1 g, 8 mmol), KCN (520 mg, 8 mmol) were added; the reaction was 
stirred for 30 min until all solids disappeared, then S-4 was added in one-portion, the reaction keep at R.T. for 1.5 h, then 
quenched by sat. Na2S2O3 solution and extracted with CH2Cl2. The combined organic phases  washed with brine (10 mL), 
dried (MgSO4), filtered and evaporated to leave the crude product, which was purified by column chromatography over 
silica gel (hexane:ethyl acetate = 3:1) to provide the cis-5-18 (20%) as a white solid. 
 
1H NMR (CDCl3, 400 MHz): δ 0.73-0.79 (m, 1H), 0.99-1.05 (m, 1H), 1.36-1.44 (m, 1H), 1.52-1.60 (m, 1H), 3.61 (dd, J 
= 5.6, 10.4 Hz, 1H), 3.84 (d, J = 10 Hz, 1H), 3.92 (dd, J = 3.2, 10.4 Hz, 1H), 4.55 (d, J = 12 Hz, 1H), 4.35 (d, J = 12Hz, 
1H).  
13C NMR (CDCl3, 100 MHz): δ 7.89, 16.22, 16.64, 22.52, 66.26, 73.34, 113.01, 113.07, 127.91, 128.12, 128.62, 137.13. 
 
Scheme S-8. Synthesis -sulfenyl malononitrile 5-25.  
S-5: Acrylic aldehyde (30 mmol, 2 mL) and ethanethiol (30 mmol, 2.17 mL) were dissolved in 30 mL CH2Cl2, then NEt3 
(10 %, 0.42 mL) was added and the reaction stirred under Ar overnight. The solvent was removed under vacuum to give 
oil compound S-5 (Caution: the compound is foul; take care). Next, the crude product was dissolved in CH2Cl2 (20 mL) 
and malononitrile (30 mmol, 1.98g ) was added in one-portion, after which A2O3 (basic) was added. The reaction mixture 
was filtered to collect the solution after 20 min. Evaporation of the solvent gave a crude product. Further purification via 
column chromatography over silica gel (hexane:ethyl acetate = 3:1) provided the corresponding S-6 (20%) as sticky oil 
(Be careful smart smelling). 
5-25: To a solution of S-6 (1.59 g, 15.0 mmol) in 30 ml of anhydrous Et2O at -20 °C under Ar, benzylmagnesium chloride 
(15 mmol, pre-preparedin diethyl ether) was dropwise to the reaction. The mixture was stirred at -20 °C for 20 min, then 
warmed to R.T. after 2 hr and poured onto excess ice. The mixture was made faintly acidic with 1M HCl solution. The 
aqueous layer was extracted once with 30 mL ether. The combined organic layers were washed twice with water, made 
faintly acidic with dilute hydrochloric acid, and washed twice with saturated sodium chloride solution. After drying with 
anhydrous magnesium sulfate and solvent removal, the crude was purified by column chromatography (Hexane/EA= 1/5) 
to give a sticky oil 5-25 (1.1 g, 60 %).  
 
1H NMR (CDCl3, 400 MHz): δ 1.25 (t, J = 7.2 Hz, 3H), 1.84-1.93 (m, 1H), 1.98-2.07 (m, 1H), 2.49-2.77 (m, 6H), 3.01 
(dd, J = 5.2, 9.6Hz, 1H), 3.73 (d, J = 4.0 Hz, 1H), 7.18-7.38 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 14.57, 25.53, 25.51, 26.51, 28.28, 30.11, 37.13, 41.07, 111.46, 112.31, 127.57, 128.90, 
129.23, 136.63. 
HRMS (ESI) m/z calcd. for C15H18N2NaS (M+Na)+ 281.1083; found: 281.1086. 
 
5.3 Mechanistic study 
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 Scheme S-9. Possible mechanistic pathways to form amide 5-3. 
1) To probe the role of O2 
 
Scheme S-10-A Malononitrile 5-1a reaction with allyl amine under Ar.  
To a two necked flask, malononitrile 1a (0.2 mmol) in 2.0 mL of CH3CN was added and the solution was degassed (freeze-
pump-thaw cycles) under an argon atmosphere (balloon). Allylamine (0.4 mmol) and K2CO3 (0.4 mmol) were added in 
one-portion. After 12 h, CHCl3 was added to the reaction and the precipitate filtered through a short silica gel column. After 
crude NMR, all the starting malononitrile was recovered completely (yield > 96 %); no amide was detected. 
 
Scheme S-10-B. Malononitrile 5-1a reacts with allyl amine under O2. 
In a two necked flask, manolonitrile 5-1a (0.2 mmol) in 2.0 mL of CH3CN (pre-saturated with O2) was degassed (freeze-
pump-thaw cycles) and the reaction mixture purged and kept under an oxygen atmosphere (balloon). Allylamine (0.15 
mmol) and K2CO3 (0.4 mmol) were added in one-portion sequentially. After the reaction finished, CHCl3 was added to the 
reaction and the precipitate filtered through a short silica gel column. The crude product 5-3 required no more purification 
(> 96 % yield). 
2) Radical clock reactions. 
Reaction of anion with O2. 
Cis-5-18 and trans-5-18 were determined unambiguously by a series of NMR Nuclear Overhauser Effect (NOE) studies. 
Scheme S-11 (A): To a two necked flask, malononitrile cis-5-18 (0.1 mmol) in 1.0 mL of CH3CN was added and the 
solution was degassed (freeze-pump-thaw cycles) three times before purging under an O2 atmosphere (balloon), then 
adding KOBut (0.1 mmol) at r.t. After 10 min, the reaction was quenched by adding sat. NH4Cl solution. Extracting with 
CHCl3, gave cis-5-18/trans-5-18 = 1: 3 in 90 % total yield. 
Scheme S-11 (B): To a two necked flask, malononitrile cis-5-18 (0.1 mmol) and TEMPO (0.1 mmol, radical quench 
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reagent) were added in 1.0 mL of CH3CN. The solutions were degassed (freeze-pump-thaw cycles) three times, purged 
with O2 and the reaction prepared under an O2 atmosphere (O2 balloon). After that, KOBut (0.1 mmol) was added at RT. 
The reaction was quenched by adding sat. NH4Cl solution after 10 min, then extracted with CHCl3 to give cis-5-18/trans-
5-18 = 10:1 in 90 % total yield.  
 
Scheme S-11. K+ salt of malononitrile 5-18 reaction with O2. 
Scheme S-11 (C): To a two necked flask, malononitrile cis-5-18 (0.1 mmol) was dissolved in 1.0 mL of CH3CN. The 
solutions were thoroughly degassed (freeze-pump-thaw cycles) 6 times (keep pump time more than 10 minutes) and purged 
with an argon atmosphere (Caution: Ar line was used; if a balloon was used, trace amounts O2 promoted isomerization of 
the anion of cis-5-18). With the solution frozen, KOBut was added (0.1 mmol) and the solids subjected to vacuum pump 
again to make sure the system was not contaminated with O2. After that, the reaction was warmed to RT to start reaction 
over 10 min. The reaction was then quenched by adding sat. NH4Cl solution, then extracted with CHCl3 to give cis-5-
18/trans-5-18 = 10:1.1 in 90 % total yield. 
HRMS (ESI): m/z calcd. for C14H14N2NaO (M + Na)+ 249.0998. Found 249.0994. 
 
1H NMR (CDCl3, 400 MHz): δ 0.73-0.79 (m, 1H), 0.99-1.05 (m, 1H), 1.36-1.44 (m, 1H), 1.52-1.60 (m, 1H), 3.61 (dd, J 
= 5.6, 10.4 Hz, 1H), 3.84 (d, J = 10 Hz, 1H), 3.92 (dd, J = 3.2, 10.4 Hz, 1H), 4.55 (d, J = 12Hz, 1H), 4.35 (d, J = 12Hz, 
1H), 7.24-7.39 (m, 5H).  
13C NMR (CDCl3, 100 MHz): δ 5.74, 12.92, 14.96, 22.13, 67.50, 69.83, 109.29, 109.44, 125.05, 125.79, 135.84. 
 
In CDCl3, the protons of cyclopropane part are overlap, so d6-Benzene was used.  
1H NMR (Benzene-D6, 400 MHz): δ 0.04-0.08 (m, 2H), 0.39-0.45 (m, 1H), 0.61-0.69 (m, 1H), 1.87 (d, J = 7.2 Hz, 1H), 
(m, 1H), 2.68 (dd, J = 6.4, 10.0 Hz, 1H), 2.84 (dd, J = 6.0, 9.6 Hz, 1H), 4.10 (s, 2H), 7.01-7.18 (m, 5H).  
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13C NMR (Benzene-D6, 100 MHz): δ 8.22, 15.40, 17.43, 24.60, 69.97, 72.31, 111.75, 111.90, 128.26, 138.31. 
3) To show radical pathway of 18 when reacting with allylamine under O2. 
 
Scheme S-12. Reaction of malononitrile 5-18 reacts with allyl amine under O2 
Procedure: The amine (2.0 equiv) was added to a solution of malononitrile (1.0 equiv, 0.2 mmol) and K2CO3 (2.0 equiv) 
in CH3CN (2.0 mL, pre-saturated with O2) at RT under an O2 atmosphere. The reaction was monitored by TLC. After the 
malononitrile 5-18 disappeared (about 4 h), the reaction was diluted with CHCl3, filtered through a short column, then 
concentrated and subjected to flash column chromatography on silica gel: Hexane / EA = 3/1; cis-5-20:trans-5-20 = 23/77 
as determined by NOE; cis and trans products were also separated by flash column). 
HRMS (ESI): m/z calcd. for C15H19NNaO2 (M+Na)+ 268.1308; found: 268.1307.  
Cis product: Rf = 0.45 
1H NMR (CDCl3, 400 MHz): δ 0.93-0.99 (m, 1H), 1.08-1.12 (m, 1H), 1.47-1.60 (m, 2H), 3.52 (dd, J = 9.6, 10.0 Hz, 1H), 
3.80 (dd, J = 5.2, 10.0 Hz, 1H), 3.84-3.88 (m, 2H), 4.44 (dd, J = 11.6, 14.4 Hz, 2H), 5.06-5.20 (m, 2H), 5.75-5.85(m, 1H), 
5.89 (br s, 1H), 7.23-7.33 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 9.81, 19.57, 19.97, 42.15, 68.65, 72.94, 116.20, 127.50, 127.76, 128.28, 134.36, 138.41, 
170.63. 
Trans product: Rf = 0.44 
1H NMR (CDCl3, 400 MHz): δ 0.73-0.77 (m, 1H), 1.18-1.23 (m, 1H), 1.28-1.32 (m, 1H), 1.62-1.76 (m, 1H), 3.31 (dd, J 
= 6.8, 10.4 Hz, 1H), 3.51 (dd, J = 5.6, 10.4 Hz, 1H), 3.81-3.94 (m, 2H), 4.50 (dd, J = 12.0, 15.2 Hz, 2H), 5.10-5.20 (m, 
1H), 5.63 (br s, 1H), 5.78-5.88 (m, 1H), 7.24-7.35 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 11.83, 20.38, 42.18, 71.64, 72.55, 116.43, 127.63, 128.39, 134.33, 138.20, 172.19. 
IR (neat): 3295, 2860, 1641, 1547, 1364, 1235 cm-1. 
 
Scheme S-13. Malononitrile cis-18 and amide cis-19 co-reaction with base under Ar. 
Procedure: The amide cis-5-20 (2.0 equiv.) was added to a solution of the malononitrile cis-5-18 (1.0 equiv., 0.2 mmol) 
and K2CO3 (2.0 equiv.) in CH3CN (2.0 mL, the solutions were thoroughly degassed (freeze-pump-thaw cycles) 3 times) 
and purged with an argon atmosphere. After stirring at RT for 4h, the reaction remained unchanged and so was diluted with 
CHCl3, filtered through a short column, then check 1H NMR 
 
5.4 CN-/CNO- analysis 
1) Required concentration of anion HPLC: [10 – 100 mmol/L] 
2) Reaction and reagents 
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 3) Procedure to make sample  
After the reaction 
completed, all the 
CH3CN was removed, 
pre-cooled NaOH 
solution (pH = 12) was 
added in 3 portions (20 
mL + 20 mL + 20 mL) 
and the solution stirred 
for 20 min to dissolve 
all inorganic salts. The collected water phase was 
filtered and transferred to a 100 mL volumetric flask, 
and NaOH solution (pH = 12) was added to reach 100 
mL exactly. (The solution should be stored in dark at 
low temperature) 
 
Theoretical concentration (cf. Scheme S-9) 
Path A: CN- = 20 mmol/ L,  
NCO- = 20 mmol/ L; 
Path B: CN- = 40 mmol/ L 
 
4) Results and discussion: 
Real results: CN- = 33.9 mmol/ L,  
NCO- = 1.52 mmol/ L 
Discussion: Since CN- was obtained in good yield 
84.8 %, and NCO- in low yield, Path B is the most 
plausible and preferred (cf. Scheme S-9). 
 
5.5 Control reaction to trap dioxirane intermediate 
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 Scheme S-14. A Control reaction to support formation of dioxirane intermediate 
 
Scheme S-14 B. Control reaction to support formation of dioxirane intermediate 
Procedure: The amine (2.0 equiv) was added to a solution of malononitrile 5-20 (1.0 equiv, 0.2 mmol) and K2CO3 (2.0 
equiv) in CH3CN (2.0 mL, pre-saturated by O2) at -20 °C under O2 atmosphere. After the malononitrile 5-20 disappeared 
by TLC (about 34 h), the reaction was diluted with CHCl3, filtered through a short silica column, then concentrated. The 
ratio of 5-22 was determined by 1H NMR. Further purification via flash column chromatography on silica gel (hexane / 
EA = 3/1 gave amide 5-21; EA/MeOH = 10/1 gave amide 5-22).  
 
1H NMR (CDCl3, 400 MHz): δ 1.20 (t, J = 7.2 Hz, 3H), 1.66-1.74 (m, 1H), 1.99-2.08 (m, 1H), 2.39-2.72 (m, 6H), 2.92 
(dd, J = 9.6 Hz, 13.2 Hz, 2H), 3.70-3.78 (m, 2H), 4.89-4.99 (m, 2H), 5.41 (br s, 1H), 5.56-5.66 (m, 1H), 7.14-7.26 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 14.70, 25.61, 29.40, 31.67, 39.07, 41.61, 48.49, 116.15, 126.33, 128.41, 128.90, 134.02, 
139.55, 173.86. 
HRMS (ESI): m/z calcd. for C16H23NNaOS (M+Na)+ 300.1393; found: 300.1398.  
 
(1:1 mixture of diastereomers) 
1H NMR (CDCl3, 400 MHz): δ 1.25-1.30 (m, 3H), 1.77-2.19 (m, 2H), 2.54-2.79 (m, 6H), 2.88-2.99 (m, 1H), 3.66-3.80 
(m, 2H), 4.87-4.99 (m, 2H), 5.53-5.67 (m, 1H), 5.7 (br, 0.5 H), 6.02 (br, 0.5 H), 7.15-7.26 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 6.46, 6.95, 24.87, 27.58, 39.18, 39.32, 41.67, 46.21, 47.96, 48.20, 48.40, 49.00, 116.24, 
116.34, 126.43, 126.56, 128.47, 128.54, 128.89, 128.93, 133.82, 133.94, 139.00, 139.11, 173.27, 173.35. 
HRMS (ESI): m/z calcd. for C16H23NNaO2S (M+Na)+ 316.1342; found: 316.1332.  
 
Scheme S-15. Malononitrile 5- 25 and amide 5-26 reaction with O2. 
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Procedure: Malononitrile 5-25 (0.1 mmol) and amide 5-26 (0.1 mmol) were added to a 5 mL flask, then CH3CN (2.0 mL, 
pre-saturated by O2) was added, put the reaction under O2 atmosphere at R.T. for 48 h. Then the reaction mixture was 
diluted with CHCl3, then check crude 1H NMR. Without new compounds generated. 
 
5.6 Control reaction to support acyl cyanide (5-16) formation. 
 
Malononitrile (0.2 mmol) and Cs2CO3 (0.4 mmol) were added to a 5 mL flask, then CH3CN (2.0 mL, pre-saturated by O2) 
was added, put the reaction under O2 atmosphere at 50 °C until malononitrile disappeared. Then collect the solid salt and 
acidified with 1M HCl, extracted with ethyl acetate, and then the organic phase was collected and dried with anhydride 
MgSO4. Concentration in vacuum gave the crude acid in about 60 % yield. 
1H NMR (400 MHz, CDCl3): δ 1.20 (s, 6H), 2.88 (s, 2 H), 7.15-7.28 (m, 5H), 8.4 (br s, 1H). 13C NMR 
(CDCl3, 100 MHz): δ 24.83, 43.58, 46.04, 126.69, 128.18, 130.39, 137.72, 184.19. 
IR (neat): 2929, 1700, 701 cm-1. 
HRMS (ESI): m/z calcd. for C11H14NaO2 (M +Na)+ 201.0886. Found 201.0889. 
5.7 General Procedure for Amide Formation 
General Procedure A 
The amine (2.0 equiv.) was added to a solution of malononitrile (1.0 equiv., 0.2 mmol) and K2CO3 (2.0 equiv., finer 
powders will make the reaction faster) in CH3CN (2.0 mL) at R.T. under O2 atmosphere. After malononitrile disappears as 
indicated by TLC, the reaction was diluted with CHCl3, filtered through a short silica column, then concentrated and 
subjected to purification by silica gel flash column chromatography. 
General Procedure B 
In a reaction tube, Cs2CO3 (2.0 equiv.) and 4Å MS (100 mg) were dried under flame and saturated with O2 atmosphere. 
Then the reaction tube were cooled to R.T. before sequential addition of CH3CN (2.0 mL), the malononitrile (1.0 equiv., 
0.2 mmol), and then the amine (2.0 equiv.). The reaction was heated at 50 °C in O2 atmosphere until TLC indicated all the 
malononitrile had disappeared; after which, the reaction was diluted by CHCl3, filtered through a short silica column, then 
concentrated and subjected to purification by flash column chromatography on silica gel. 
General Procedure C 
In a reaction tube, Cs2CO3 (2.0 equiv.) and 4Å MS (100 mg) were dried under flame and saturated with O2 atmosphere. 
The reaction solids were cooled to R.T. CH3CN (2.0 mL), the malononitrile (2.0 equiv., 0.4 mmol), and then the amine 
(1.0 equiv.) were added sequentially. The reaction was heated at 70 °C in O2 atmosphere until TLC indicated all the 
malononitrile had disappeared; after which, the reaction was diluted by CHCl3, filtered through a short silica column, then 
concentrated and subjected to purification by flash column chromatography on silica gel. 
 
N-allyl-2-phenylacetamide (5-3) 
Following the procedure A, white solid, yield = 96 %. 
1H NMR (CDCl3, 400 MHz): 3.56 (s, 2H), 3.81 (t, J = 1.6 Hz, 2H), 5.00-5.05 (m, 2H), 5.64 (br s, 1H), 5.71-5.79 (m, 1H), 
7.24-7.35 (m, 5H). 
13C NMR (CDCl3, 100 MHz): 41.96, 43.84, 116.11, 127.45, 129.10, 129.52, 134.12, 134.96, 170.93. 
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IR (neat): 3241, 3061, 1632, 1555, 1454, 1270, 1160, 991, 921, 762, 692, 608, 542 cm-1. 
 
2-phenyl-N-(prop-2-yn-1-yl)acetamide (5-4a) 
Following the procedure A, white solid, yield = 91 %. 
1H NMR (CDCl3, 400 MHz): δ 2.16 (t, J = 2.4 Hz, 1H), 3.55 (s, 2H), 3.97 (dd, J = 5.2, 2.4 Hz, 2H), 5.94 (br s, 1H), 7.23-
7.35 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 29.28, 43.37, 71.50, 79.43, 127.40, 129.00, 129.41, 134.45, 170.74.   
IR (neat): 3269, 3034, 1664, 1632, 1541, 1449, 1264, 1157, 732, 692, 650, 608, 549 cm-1. 
 
2-phenyl-N-(1-phenylethyl)acetamide (5-4b) 
Following the procedure A, white solid, yield = 95 %. 
1H NMR (CDCl3, 400 MHz): δ 1.38 (d, J = 6.8 Hz, 3H), 3.54 (s, 2H), 5.10 (quant, J = 7.2 Hz, 1H), 5.78 (br d, J = 6.0 Hz, 
1H), 7.15-7.35 (m, 5H).  
13C NMR (CDCl3, 100 MHz): δ 21.89, 43.87, 48.81, 126.02, 127.32, 127.36, 128.67, 129.03, 129.41, 135.04, 132.20, 
170.14. 
IR (neat): 3316, 3027, 2973, 1648, 1534, 1495, 1452, 1343, 1247, 758, 701 cm-1. 
 
N-(3-hydroxypropyl)-2-phenylacetamide (5-4c) 
Prepared according procedure A, white solid, yield = 87 %. 
1H NMR (400 MHz, CDCl3): δ 1.54-1.60 (m, 2H), 3.29-3.34 (m, 3H), 3.5-3.53 (m, 4H), 6.05 (br s, 1H), 7.20-7.33 (m, 
5H); 
13C NMR (CDCl3, 100 MHz): δ 32.14, 36.60, 43.70, 59.36, 127.46, 129.09, 129.47, 134.88, 172.52. 
IR (neat): 3287, 2927, 1643, 1555, 1495, 1453, 1271, 1071, 695 cm-1. 
 
N-(cyanomethyl)-2-phenylacetamide (5-4d) 
Prepared according procedure A, white solid, yield = 96 % 
1H NMR (400 MHz, CDCl3): δ 3.55 (s, 2H), 4.00 (d, J = 5.6 Hz, 2H), 6.37 (br s, 1H), 7.20-7.35 (m, 5H); 
13C NMR (CDCl3, 100 MHz): 27.66, 43.02, 116.14, 127.78, 129.23, 129.53, 133.85, 171.51; 
IR (neat): 3288, 3061, 1660, 1537, 1496, 1454, 1414, 1030, 697 cm-1. 
 
N-(tert-butyl)-2-phenylacetamide (5-4e) 
Following the procedure A, white solid, yield = 89 %. 
1H NMR (CDCl3, 400 MHz): δ 1.26 (s, 9H), 3.45 (s, 2H), 5.18 (br s, 1H), 7.20-7.25 (m, 3 H), 7.27-7.34 (m, 2H). 
13C NMR (CDCl3, 100 MHz): δ 28.80, 4502, 51.36, 127.25, 129.03, 129.40, 135.62, 170.40. 
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IR (neat): 3279, 3076, 2971, 1643, 1556, 1495, 1448, 1428, 1358, 1269, 1230, 947, 700 cm-1. 
 
N-cyclohexyl-2-phenylacetamide (5-4f) 
Prepared according to procedure A, white solid, yield = 96 % 
1H NMR (400 MHz, CDCl3): δ 0.94-1.11 (m, 3H), 1.24-1.34 (m, 2H), 1.49-1.60 (m, 3H), 1.78-1.89 (m, 2H), 3.50 (s, 2H), 
3.67-3.78 (m, 1H), 5.30 (br s, 1H), 7.21-7.33 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 24.79, 25.55, 32.99, 44.09, 48.27, 127.32, 129.04, 129.44, 135.30, 170.13. 
IR (neat): 3276, 2931, 2850, 1636, 1559, 1447, 694 cm-1. 
 
2-phenyl-1-(pyrrolidin-1-yl)ethanone (5-4g) 
Following the procedure A, white solid, yield = 90 %. 
1H NMR (CDCl3, 400 MHz): 1.79-1.92 (m, 4H), 3.39 (t, J = 6.8 Hz, 2H), 3.46 (t, J = 6.8 Hz, 2H), 3.63 (s, 2H), 7.19-7.31 
(m, 5H). 
13C NMR (CDCl3, 100 MHz): 24.45, 26.25, 42.39, 46.03, 46.98, 126.79, 128.68, 129.07, 135.06, 169.64. 
IR (neat): 2972, 2874, 1643, 1495, 1427, 1341, 1191, 742, 720 cm-1. 
 
N-benzyl-N-methyl-2-phenylacetamide (5-4h) 
Following the procedure A; stickly oil, yield = 94 %. 
A mixture of two stereoisomers A and B. 
1H NMR (400 MHz, CDCl3): δ 2.88 (s, 3aH, A), 2.94 (s, 3bH, B), 3.74 (s, 2bH, B), 3.77 (s, 2aH, A), 4.51 (s, 2bH, B), 
4.60 (s, 2aH, A), 7.08 (d, J = 6.8 Hz, 1H), 7.21-7.35 (m, 9H, A+B). 
13C NMR (CDCl3, 100 MHz): δ 34.09(B), 35.28(A), 40.93(B), 41.27(A), 51.04(A), 53.73(B), 126.46, 126.85, 126.90, 
127.42, 127.72, 128.12, 128.63, 128.75, 128.76, 128.86, 128.90, 128.99, 135.03, 135.18, 136,56, 137.37, 171.21(A), 
171.55(B). 
IR (neat): 3028, 1645, 1494, 1452, 1399, 1110, 730, 697 cm-1. 
 
N, N-diethyl-2-phenylacetamide (5-4i) 
Following procedure A, sticky oil, yield = 84 %. 
1H NMR (400 MHz, CDCl3): δ 1.05 (t, J = 7.2 Hz, 3H), 1.09 (t, J = 7.2 Hz), 3.26 (q, J = 7.2 Hz, 2H), 3.36 (q, J = 7.2 Hz, 
2H), 3.66 (s, 2H), 7.18-7.30 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 13.01, 14.27, 40.22, 40.99, 42.43, 126.72, 128.68, 128.75, 135.61, 170.21. 
IR (neat): 2973, 2933, 1642, 1495, 1454, 1133, 726, 696 cm-1. 
 
1-morpholino-2-phenylethanone (5-4j) 
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Prepared according procedure A, white solid, yield = 91 %. 
1H NMR (400 MHz, CDCl3): δ 3.38-3.45 (m, 4H), 3.60 (s, 4H), 3.69 (s, 2H), 7.19-7.31 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 40.90, 42.22, 46.59, 66.52, 66.85, 126.97, 128.60, 128.87, 134.88, 169.70. 
IR (neat): 2855, 1643, 1454, 1272, 1114, 729, 698 cm-1. 
 
N-methoxy-N-methyl-2-phenylacetamide (5-4k) 
Following procedure A, HCl•HN(CH3)OMe was used, K2CO3 (3 equiv.), sticky oil, yield = 70 %. 
1H NMR (CDCl3, 400 MHz): δ 3.17 (s, 3H), 3.58 (s, 3H), 3.76 (s, 2H), 7.20-7.32 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 32.21, 39.39, 61.25, 126.74, 128.47, 129.27, 134.93.  
 
(S)-methyl-3-((tert-butyldimethylsilyl)oxy)-2-(2-phenylacetamido)propanoate(5-4l) 
Prepared according procedure A, sticky oil, yield = 60 %. 
1H NMR (CDCl3, 400 MHz): δ -0.10 (s, 3H), -0.82 (s, 3H), 0.74 (s, 9H), 3.61 (d, J = 3.2 Hz, 2H), 3.68 (s, 3H), 3.70 (dd, 
J = 2.8, 10.0 Hz, 1H), 3.98 (dd, J = 2.4, 10.0 Hz, 1H), 4.62 (ddd, J = 2.4, 2.4, 5.6 Hz, 1H), 6.24 (br d, J = 8.0 Hz, 1H), 
7.25-7.36 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 18.10, 25.69, 43.79, 52.45, 54.33, 63.35, 127.54, 129.15, 129.60, 134.59, 170.82, 170.90. 
IR (neat): 3312, 2952, 2856, 1750, 1654, 1516, 1471, 1254, 1208, 1113, 836, 779, 727 cm-1. 
HRMS (ESI) m/z calcd. for C18H29NNaO4Si (M + Na)+ 374.758. Found: 374.1763. 
[α]𝐷
 2725.30 (c 1.7, CHCl3). 
 
(S)-methyl 3-phenyl-2-(2-phenylacetamido)propanoate (5-4m) 
Prepared according procedure A, white solid, yield =83 %, ee > 99 %. 
The enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak IC column (Hex/i-Pr = 10/1, 2 mL /min, 
20 °C, 210 nm, tminor = 32.99 min, tmajor = 19.86 min). 
1H NMR (CDCl3, 400 MHz): δ 2.99 (dd, J = 14.0, 6.0 Hz, 1H), 3.07 (dd, J = 13.6, 5.6 Hz, 1H), 3.54 (s, 2H), 3.69 (s, 3H), 
4.85 (ddd, J = 6.0 , 6.0, 8.0Hz, 1H),  5.90 (br d, J = 7.2 Hz, 1H), 6.88-6.92 (m, 2H), 7.17-7.21 (m, 5H), 7.26-7.35 (m, 5H); 
13C NMR (CDCl3, 100 MHz): δ 37.58, 43. 58, 52.26, 52.96, 127.00, 127.32, 128.49, 128.94, 129.10, 129.36, 134.42, 
135.56, 170.41, 171.77; 
IR (neat): 3287, 3028, 2949, 1744, 1653, 1541, 1496, 1454, 1217, 727, 699 cm-1. 
HRMS (ESI) m/z calcd. for C18H19NNaO3 (M + Na)+ 320.1257. Found: 320.1262. 
[α]𝐷
 2745.76 (c 1.5, CHCl3). 
 
(S)-methyl 1-(2-phenylacetyl)pyrrolidine-2-carboxylate (5-4n) 
Prepared according procedure A, white solid, yield = 89 %. 
A mixture of two stereo isomers A and B in approximately 5:1 ratio. 
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1H NMR (400 MHz, CDCl3): δ 1.83-2.17 (m, 5H, A+B), 3.43-3.67 (m, 5 H, A+B), 4.39-4.49 (m, 2H), 7.18-7.30 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 22.52(B), 24.94(A), 29.28(A), 31.56(B), 41.91(B), 41.96(A), 46.67(B), 47.38(A), 
52.22(A), 52.58(B), 58.95(A), 59.59(B), 126.84(B), 126.92(A), 128.65(A+B), 129.05(A+B), 134.48(A+B), 169.85(B), 
169.94(A), 172.70(B), 172.84(A). 
IR (neat): 2953, 1745, 1650, 1496, 1422, 1198, 1029, 722 cm-1. 
HRMS (ESI) m/z calcd. for C14H17NNaO3 (M + Na)+ 270.1101. Found: 270.1110. 
[α]𝐷
 27-69.47 (c 1.9, CHCl3). 
 
(S)-methyl 4-methyl-2-(2-phenylacetamido)pentanoate (5-4o) 
Prepared according procedure A, white solid, yield =84 %. 
1H NMR (CDCl3, 400 MHz): 0.87 (d, J = 5.2 Hz, 3H), 0.88 (d, J = 5.2 Hz, 3H), 1.40-1.62 (m, 3H), 3.60 (s, 2H), 3.70 (s, 
3H), 4.62 (ddd, J =5.2, 8.8, 8.8 Hz, 1H), 5.75 (br d, J = 7.6 Hz, 1H), 7.26-7.38 (m, 5H). 
13C NMR (CDCl3, 100 MHz): 22.09, 22.87, 25.01, 41.56, 43.77, 50.92, 52.39, 127.54, 129.13, 29.54, 134.70, 170.80, 
173.50. 
IR (neat): 3286, 2956, 1747, 1648, 1543, 1496, 1437, 1203, 1165, 727, 696 cm-1. 
HRMS (ESI) m/z calcd. for C15H21NNaO3 (M + Na)+ 286.1414. Found: 286.1419. 
 
(S)-methyl 3-methyl-2-((S)-3-phenyl-2-(2-phenylacetamido)propanamido)butan- oate (5-4p) 
Prepared according procedure A, white solid, yield = 70 %. 
1H NMR (CDCl3, 400 MHz): δ 0.82 (d, J = 4.4 Hz, 3H), 0.84 (d, J = 4.4 Hz, ) , 1.41-1.56 (m, 3H), 2.92 (dd, J = 7.2, 14 
Hz, 1H), 2.99 (dd, J = 6.8, 14Hz, 1H), 3.47 (s, 2H), 3.66 (s, 3H), 4.43-4.49 (m, 1H), 4.70 (ddd, J = 7.2, 7.2, 7.2 Hz, 1H), 
6.21 (br d, J = 8.0 Hz, 1H), 6.62 (br d, J = 8.0 Hz, 1H), 7.01-7.03 (m, 2H), 7.08-7.11 (m, 2H), 7.16-7.19 (m, 3H), 7.23-
7.29 (m, 3H). 
13C NMR (CDCl3, 100 MHz): δ 21.96, 22.78, 24.84, 37.79, 41.20, 43.59, 50.99, 52.32, 54.16, 126.95, 127.44, 128.61, 
129.06, 129.39, 129.41, 134.42, 136.35, 170.79, 171.15, 172.89. 
IR (neat): 3268, 3075, 2956, 1749, 1642, 1556, 1495, 1438, 1248, 1196, 1157, 731, 701 cm-1. 
HRMS (ESI) m/z calcd. for C24H30N2NaO4 (M + Na)+ 433.2098. Found: 433.2103. 
[α]𝐷
 27-19.06 (c 0.8, CHCl3). 
 
N-allylbutyramide (5-4q) 
Prepared according procedure A, sticky oil, yield = 90 %. 
1H NMR (CDCl3, 400 MHz): δ 0.90-1.01 (m, 3H), 1.60-1.69 (m, 2H), 2.07-2.17 (m, 2H), 3.84-3.88 (m, 2H), 5.08-5.18 
(m, 2H), 5.60 (br s, 1H), 5.76-5.86 (m, 1H). 
13C NMR (CDCl3, 100 MHz): δ 13.75, 19.14, 38.64, 41.81, 116.23, 134.35. 
 
N-benzyl-N-methylpivalamide (5-6a) 
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Following the procedure B, sticky oil, yield = 71 %. 
1H NMR (CDCl3, 400 MHz):  1.31 (s, 9H), 2.96 (s, 3H), 4.62 (s, 2H), 7.16-7.33 (m, 5H). 
13C NMR (CDCl3, 100 MHz):  28.39, 36.08, 38.89, 53.19, 127.16, 127.26, 128.59, 137.56, 177.80. 
 
2,2-dimethyl-1-(pyrrolidin-1-yl)propan-1-one (5-6b) 
Following the procedure B, sticky oil, yield = 91 %. 
1H NMR (CDCl3, 400 MHz):  1.21 (s, 9H), 1.81 (br s, 4H), 3.49 (br s, 4H). 
13C NMR (CDCl3, 100 MHz):  27.46, 38.89, 47.81, 176.42. 
 
N-allylcyclohexanecarboxamide (5-7a) 
Prepared according procedure B, white solid, yield = 87 %. 
1H NMR (400 MHz, CDCl3): δ 1.14-1.28 (m, 3H), 1.36-1.45 (m, 2H), 1.62-1.65 (m, 1H), 1.73-1.85 (m, 4H), 2.03-2.11 
(m, 1H), 3.81-3.84 (m, 2H), 5.05-5.15 (m, 2H), 5.68 (br s, 1H), 5.68-5.84 (m, 1H). 
13C NMR (CDCl3, 100 MHz): δ 25.86, 29.71, 29.95, 41.75, 45.61, 116.16, 134.60, 176.07. 
IR (neat): 3289, 2928, 2851, 1636, 1547, 1447, 984, 018, 704 cm-1. 
 
N-allylbenzamide (5-7b) 
Prepared according procedure B, white solid, yield = 96 %. 
1H NMR (400 MHz, CDCl3): δ 4.04-4.08 (m, 2H), 5.14-5.26 (m, 2H), 5.87-5.96 (m, 1H), 6.49 (br s, 1H), 7.38-7.40 (m, 
2H), 7.41-7.42 (m, 1H), 7.46-7.80 (m, 2H). 
13C NMR (CDCl3, 100 MHz): δ 42.51, 116.66, 127.05, 128.62, 131.55, 134.26, 134.56, 167.52. 
IR (neat): 3315, 3066, 1643, 1578, 1537, 1489, 1422, 1307, 993, 922, 694 cm-1. 
HRMS (ESI) m/z calcd. for C11H14NaO2 (M+Na) + 201.0886, found 201.0889. 
 
N-allyl-2,4,6-trimethylbenzamide (5-7c) 
Following the procedure B, white solid, yield = 52 %. 
1H NMR (400 MHz, CDCl3): δ 2.27 (s, 3H), 2.28 (s, 6H), 4.06-4.09 (m, 2H), 5.16-5.28 (m, 2H), 5.72 (br s, 1H), 5.88-
5.97 (m, 1H), 6.83 (s, 2H). 
13C NMR (CDCl3, 100 MHz): δ 19.11, 21.04, 41.96, 116.83, 128.17, 134.05, 134.11, 134.79, 138.42, 170.34. 
HRMS (ESI) m/z calcd. for C13H17NNaO (M+Na)+ 226.1202. Found 226.1199. 
 
N-benzyl-N,2,2-trimethyl-3-phenylpropanamide (5-8a) 
Following the procedure B, sticky oil, yield = 58 %. 
1H NMR (CDCl3, 400 MHz): 1.30 (s, 6H), 2.97 (s, 2H), 2.99 (s, 3H), 4.61 (s, 2H), 7.08-7.11 (m, 2H), 7.20-7.33 (m, 8H); 
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13C NMR (CDCl3, 100 MHz): 26.82, 36.52, 43.96, 46.27, 53.69, 126.53, 127.39, 127.86, 128.15, 128.71, 130.40, 137.60, 
138.19, 176.86. 
IR (neat): 2924, 1626, 1495, 1453, 1394, 1087, 737, 700 cm-1. 
HRMS (ESI) m/z calcd. for C19H24NO (M+H)+ 282.1852; found: 282.1866. 
 
2,2-dimethyl-3-phenyl-1-(pyrrolidin-1-yl)propan-1-one (5-8b) 
Following the procedure B, sticky oil, yield = 78 %. 
1H NMR (CDCl3, 400 MHz): 1.24 (s, 6H), 1.72 (br s, 4H), 2.85 (s, 2H), 3.39 (br s, 4H), 7.08-7.10 (m, 2H), 7.15 (m, 3H). 
13C NMR (CDCl3, 100 MHz): 23.00, 26.05, 44.09, 46.35, 47.67, 48.31, 126.29, 127.68, 129.90, 129.85, 130.11, 138.37, 
175.27. 
IR (neat): 2968, 2874, 1613, 1402, 1378, 1156, 762, 743, 702 cm-1. 
HRMS (ESI) m/z calcd. C15H21NNaO (M + Na)+ 254.1515; Found: 254.1524. 
 
N-benzyl-N,1-dimethylcyclohexanecarboxamide (5-9a) 
Following the procedure B, sticky oil, yield = 51 %. 
1H NMR (CDCl3, 400 MHz):  1.26 (s, 3H), 1.33-1.55 (m, 8H), 2.09-2.95 (m, 2H), 2.95 (3H), 4.63 (s, 2H), 7.18-7.33 
(5H).  
13C NMR (CDCl3, 100 MHz): 23.17, 24.28, 25.98, 36.21, 37.05, 42.93, 53.35, 127.12, 127.38, 128.55, 137.75, 177.25. 
IR (neat): 2930, 2856, 1641, 921, 732 cm-1. 
HRMS (ESI) m/z calcd. C16H23NNaO (M + Na)+ 268.1672. Found: 268.1673. 
 
(1-methylcyclohexyl)(pyrrolidin-1-yl)methanone (5-9b) 
Following the procedure B, sticky oil, yield = 70 %. 
1H NMR (400 MHz, CDCl3): δ 1.14 (s, 3H), 1.22-1.32 (m, 3H), 1.38-1.52 (m, 5H), 1.82 (br s, 4H), 2.08-2.13 (m, 2H), 
3.50-3.53 (m, 4H). 
13C NMR (CDCl3, 100 MHz): δ 23.27, 24.17, 26.12, 36.39, 43.46, 48.01, 175.84. 
IR (neat): 2930, 1605, 1391, 1087, 921, 732 cm-1. 
HRMS (ESI) m/z calcd. C12H21NNaO (M + Na)+ 218.1515; Found: 218.1510. 
 
(3r,5r,7r)-N-benzyl-N-methyladamantane-1-carboxamide (5-10a) 
Following the procedure B, sticky oil, yield = 62 %.  
1H NMR (CDCl3, 400 MHz): 2.96 (s, 3H), 4.67 (s, 2H), 7.15 -7.33 (m, 5H). 
13C NMR (CDCl3, 100 MHz): 28.63, 36.38, 36.76, 39.21, 42.06, 53.56, 127.29, 128.73, 137.72, 177.32. 
IR (neat): 2904, 2849, 1624, 1451, 1384, 1052, 726, 697 cm-1. 
HRMS (ESI) m/z calcd. C19H25NNaO (M + Na)+ 306.1828. Found 306.1858. 
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 (3r,5r,7r)-adamantan-1-yl(pyrrolidin-1-yl)methanone (5-10b) 
Following the procedure B, white solid, yield = 90 %. 
1H NMR (400 MHz, CDCl3): δ 1.66-1.72 (m, 6H), 1.81 (br s, 4H), 1.93-2.00 (m, 9H), 3.55 (br s, 4H). 
13C NMR (CDCl3, 100 MHz): δ 28.34, 28.51, 36.79, 38.31, 41.82, 48.04, 175.98. 
IR (neat): 2903, 1602, 1397 cm-1. 
HRMS (ESI) m/z calcd. C15H23NNaO (M + Na)+ 256.1672. Found: 256.1674. 
 
(S)-methyl 3-phenyl-2-pivalamidopropanoate (5-6c) 
Prepared according procedure C, white solid, yield =55 %, ee > 97 %. 
The enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak ID column (Hex/i-Pr = 15/1, 1 mL /min, 
20 °C, 208 nm, tminor = 10.84 min, tmajor= 13.53 min). 
1H NMR (400 MHz, CDCl3): δ 1.29 (s, 9H), 3.07 (dd, J = 6.0, 14 Hz, 1H), 3.16 (dd, J= 6.0, 13.6 Hz, 1H), 3.72 (s, 3H), 
4.82-4.87 (m, 1H), 6.01 (br d, J = 6.8 Hz, 1H), 7.05-7.07 (m, 2H), 7.20-7.29 (m, 4H). 
13C NMR (CDCl3, 100 MHz): δ 27.33, 37.76, 38.64, 52.27, 52.81, 127.09, 128.48, 129.27, 135.90, 172.27, 177.83. 
IR (neat): 3361, 2960, 1744, 1647, 1527, 1204 cm-1. 
HRMS (ESI) m/z calcd. for C15H21NNaO3 (M+Na)+ 286.1414, found 286.1418. 
[α]𝐷
 2760.2 (c 1.35, CHCl3). 
 
(S)-methyl 4-methyl-2-pivalamidopentanoate (5-6d) 
Prepared according procedure C, white solid, yield = 63 %. 
1H NMR (400 MHz, CDCl3): δ 0.91 (s, 3H), 0.93 (s, 3H), 1.19 (s, 9H), 1.47-1.66 (m, 3H), 3.70 (s, 3H), 4.57-4.62 (m, 1H), 
5.96 (br d, J = 7.2 Hz, 1H). 
13C NMR (CDCl3, 100 MHz): δ 22.04, 22.77, 24.95, 27.41, 38.63, 41.69, 50.56, 52.20, 173.83, 178.18. 
IR (neat): 3008, 2961, 1740, 1654, 1619, 1218 cm-1. 
HRMS (ESI) m/z calcd. for C12H23NNaO3 (M+H)+ 252.1570, found 252.1575. 
[α]𝐷
 270.78 (c 0.90, CHCl3). 
 
(S)-methyl 2-((S)-3-methyl-2-pivalamidobutanamido)-3-phenylpropanoate (5-6e) 
Prepared according procedure C, HCl•aimne used, Cs2CO3 (3 eq.), white solid, yield = 50 %. 
1H NMR (400 MHz, CDCl3): δ 0.87 (d, J = 6.8 Hz, 3H), 0.89 (d, J = 6.8 Hz, 1H), 1.18 (s, 9H), 2.05-2.10 (m, 1H), 3.03-
3.14 (m, 2H), 3.69 (s, 3H), 4.22 (dd, J = 6.4, 8.4 Hz, 1H), 4.79-4.84 (m, 1H), 6.15 (br d, J = 8.4 Hz, 1H), 6.27 (br d, J = 
7.6 Hz, 1H), 7.06-7.08 (m, 2H), 7.19-7.28 (m, 3H). 
13C NMR (CDCl3, 100 MHz): δ 17.81, 18.95, 27.40, 31.00, 37.72, 38.75, 52.23, 53.04, 57.81, 127.11, 128.57, 129.05, 
135.43, 170.86, 171.49, 178.19. 
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IR (neat): 3291, 2961, 1749, 1635, 1539, 1210 cm-1. 
HRMS (ESI) m/z calcd. for C20H31N2O4 (M+H)+ 363.2278, found 363.2277. 
[α]𝐷
 2718.0 (c 0.80, CHCl3). 
 
(S)-methyl 2-(2,2-dimethyl-3-phenylpropanamido)-3-phenylpropanoate (5-8c) 
Prepared according procedure C, white solid, yield = 55 %. 
1H NMR (400 MHz, CDCl3): δ 1.11 (s, 3H), 1.13 (s, 3H), 2.71 (d, J = 13.2, 1H), 2.92 (d, J = 13.2, 1H), 2.96 (dd, J = 5.6, 
13.6 Hz, 1H), 3.05 (dd, J =5.6, 13.6 Hz, 1H), 3.67 (s, 3H), 4.83-4.88 (m, 1H), 5.88 (br d, J = 7.6 Hz, 1H), 6.79-6.82 (m, 
2H), 7.17-7.27 (m, 8H). 
13C NMR (CDCl3, 100 MHz): δ 24.26, 25.61, 37.88, 43.40, 46.47, 52.18, 52.74, 126.47, 127.03, 127.96, 128.43, 129.21, 
130.37, 135.70, 137.90, 171.93, 176.37. 
IR (neat): 1744, 1653, 1510, 1454, 1213 cm-1. 
HRMS (ESI) m/z calcd. for C21H26NO3 (M + H)+ 340.1907, found 340.1916. 
[α]𝐷
 2747.75 (c 1.55, CHCl3). 
 
(S)-methyl 2-(1-methylcyclohexanecarboxamido)-3-phenylpropanoate (5-9c) 
Prepared according procedure C, white solid, yield = 70 %. 
1H NMR (400 MHz, CDCl3): δ 1.05 (s, 3H), 1.19-1.51 (m, 8H), 1.78-1.83 (m, 2H), 3.07 (dd, J = 5.6, 13.6 Hz, 1H), 3.16 
(dd, J = 5.6, 13.6 Hz, 1H), 8.85-4.90 (m, 1H), 6.02 (br d, J = 7.2 Hz, 1H), 7.07-7.09 (m, 2H), 7.19-7.28 (m, 3H). 
13C NMR (CDCl3, 100 MHz): δ 22.69, 25.68, 35.44, 35.48, 37.85, 42.66, 52.25, 52.72, 127.06, 128.50, 129.23, 135.97, 
172.40, 177.19. 
IR (neat): 3356, 2932, 2862, 1747, 1642, 1526, 1211 cm-1. 
HRMS (ESI) m/z calcd. for C18H26NO3 (M+H)+ 304.1907, found 304.1916. 
[α]𝐷
 2745.00 (c 1.65, CHCl3). 
 
(S)-methyl 2-((3S,5S,7S)-adamantane-1-carboxamido)-3-phenylpropanoate (5-10c) 
Prepared according procedure C, white solid, yield = 50 %. 
1H NMR (400 MHz, CDCl3): δ 1.63-1.78 (m, 12H), 1.99 (br s, 3H), 3.07 (dd, J = 5.6, 14.0 Hz, 1H), 3.14 (dd, J = 5.6, 14 
Hz, 1H), 3.71 (s, 3H), 4.82-4.87 (m, 1H), 6.01 (br, d, J = 7.6 Hz, 1H), 7.05-7.06 (m, 2H), 7.22-7.29 (m, 3H). 
13C NMR (CDCl3, 100 MHz): δ 28.02, 36.42, 37.78, 39.02, 49.56, 52.25, 52.65, 127.05, 128.45, 129.31, 135.94, 172.29, 
177.31. 
IR (neat): 3351, 2907, 2850, 1744, 1643, 1516, 1453, 1214 cm-1. 
HRMS (ESI) m/z calcd. for C21H28NO3 (M+H)+ 342.2064, found 342.2073. 
[α]𝐷
 2763.3 (c 0.85, CHCl3). 
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Chapter 6 
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6.1 General information. 
N-Bromosuccinimide (NBS) was recrystallized from hot H2O, dried under vacuum at room temperature, stored at -20 °C, 
and protected from light. N-Iodosuccinimide was recrystallized from THF/CH2Cl2, dried under vacuum at room 
temperature, ground in a mortar and pestle, stored at -20 °C and protected from light. CDCl3 was treated with basic Al2O3 
overnight and distilled, stored without light at r.t. Quinuclidine purchased from TCI (Q0062) without further purification. 
CH3COOH was distilled. ClCH2COOH was without further purification. 
6.2 General procedure to make halogen bonded complex 6-1, 6-2, 6-4, 6-5. 
 
Scheme S-1. Synthesis of complex 6-1, 6-2, 6-4, 6-5. 
NIS (112 mg, 0.5 mmol) or NBS (89 mg, 0.5 mmol) was dissolved in dry CH2Cl2 (5 mL), cooled to 0 °C, then amine (0.5 
mmol) was added by one-potion. After stirring for 10 min until all the solid disappeared, the solvent was removed in 
vacuum and the slightly yellow solid formed was washed with Et2O and dried under vacuum to afford a yellow to white 
solid, yield > 95 %. Which can store under Ar below -30 °C for more than 3 months; latterly, 6-1–6-3, 6-5 were crystallized 
for X-ray analysis (vide infra). 
 
1H NMR (CDCl3, 400 MHz): δ 2.73 (s, 4H), 3.40 (d, J = 6.0 Hz, 2H), 5.19-5.24 (m, 2H), 5.83-5.93 (m, 1H). 
13C NMR (CDCl3, 100 MHz): δ 30.03, 47.36, 117.92, 135.81, 182.81. 
IR (neat): 3160, 1773, 1702, 1617, 1424, 1364, 1292, 1242, 1183, 817, 639 cm-1. 
 
1H NMR (CDCl3, 400 MHz): δ 2.630 (br s, 2H) 2.694 (s, 4H), 3.85 (br s, 2H), 7.25-7.34 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 29.888, 37.742, 57.679, 128.142, 128.736, 128.926, 136.484, 183.193. 
 
1H NMR (CDCl3, 400 MHz): δ 1.65-1.70 (m, 6H), 1.87-1.91 (m, 1H), 2.67 (s, 4H), 3.10 (dd, J = 8.0, 8.0 Hz, 6 H); 
13C NMR (CDCl3, 100 MHz): δ 18.41, 26.58, 29.90, 51.22, 183.77; 
 
1H NMR (CDCl3, 400 MHz): δ 1.64-1.69 (m, 6H), 1.84-1.87 (m, 1H), 2.62 (s, 4H), 3.03 (t, J = 8.0 Hz, 6 H); 
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13C NMR (CDCl3, 100 MHz): δ 19.31, 26.45, 29.59, 50.09, 180.55; 
 
Scheme S-2. Preparing compound N-bromo, N-methylbenzylamine 
Procedure to prepare N-bromo amine: Under Ar, N-methylbenzylamine (5 mmol) was dissolved in 50 mL Et2O, the 
flask was cooled down over an ice bath for 10 min before NBS was added in one-portion. The reaction was stirred at the 
same temperature for 2 h and the succinimide filtered off. Collection of the organic solution and evaporating off Et2O 
(whilst immersing in an ice-water bath) in vacuo gave a thick yellow oil, which was found to be unstable and should be 
used immediately, or stored at low temperature, in a yield of about 95 %. 
1H NMR (400 MHz, CDCl3): δ 3.10 (s, 3H), 4.07 (s, 2H), 7.32-7.36 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 54.23, 71.94, 128.12, 128.51, 129.19, 137.81. 
 
6.3 Preparation of unsaturated acid 6-7 and unsaturated alcohol 6-6. 
 
Scheme S-8. Preparing of unsaturated acid 6-7 and unsaturated alcohol 6-6 
Step 1: Methyltriphenylphosphonium bromide (17.8 g, 50 mmol, 1.0 equiv) was dissolved in dry THF (120 mL) and cooled 
to ca. 0 ˚C on an ice bath. NaOBut (4.8 g, 50 mmol, 1.0 equiv.) was slowly added and the resulting solution was stirred for 
30 min. Then methyl 3- benzoylpropionate (7.68 g, 40 mmol, 0.8 equiv) was added dropwise by syringe. The resulting 
solution was then stirred while warming to room temperature for 12 h. On cooling, the reaction was quenched by the 
addition of saturated ammonium chloride (200 mL) and the resulting slurry was diluted with water (100 mL) and extracted 
with ethyl acetate (3×100 mL). The combined organics were washed with brine (100 mL), dried over anhydrous Na2SO4, 
and concentrated by rotary evaporation. The residue was purified by column chromatography on silica gel (10% ethyl 
acetate in hexanes) to give 5.7 g (75% yield) of the desired methyl 4-phenylpent-4-enoate.  
Synthesis of 6-6: This substance was used immediately without characterization in the following saponification reaction. 
The ester (15 mmol, 1 equiv) was dissolved in THF (40 mL) and cooled to ca. 0 ˚C on an ice bath. LiAlH4 (550 mg, 15 
mmol, 1.0 equiv) was slowly added. The resulting solution was allowed to warm to room temperature while stirring for 1 
h. The reaction was quentched by slowly adding ice until no more bubble, the con. HCl solution was added until the two 
phase was separated, extracted with ethyl acetate (3×50 mL). The combined organics were washed with brine (100 mL), 
dried over anhydrous Na2SO4, and concentrated by rotary evaporation. The residue was purified by column 
chromatography on silica gel (30% ethyl acetate in hexanes) to give 2.1 g (87% yield) of the desired unsaturated alcohol 
6-6.  
The NMR data is consistent with previous report. (J. F. Hartwig et al. J. Am. Chem. Soc., 2006, 128, 6042–
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6043.) 
1H NMR (CDCl3, 400 MHz): δ 1.70-1.75 (m, 2H), 2.58-2.62 (m, 2H), 3.65 (t, J = 6.4 Hz, 2H), 5.08-5.09 (m, 1H), 5.28-
5.29 (m, 1H), 7.23-7.41 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 31.15, 31.55, 62.43, 112.56, 126.10, 127.42, 128.31, 140.99, 147.95. 
Synthesis of 6-7: The methyl 4-phenylpent-4-enoate (15 mmol, 1 equiv) was dissolved in THF (20 mL) and cooled to ca. 
0 ˚C on an ice bath. A solution of lithium hydroxide monohydrate (600 mg, 14.30 mmol, 5.07 equiv) in water (20 mL) was 
added dropwise. The resulting solution was allowed to warm to room temperature while stirring for 18 h. The solution was 
acidified to pH = 1, extracted with ethyl acetate (3×50 mL). The combined organics were washed with brine (100 mL), 
dried over anhydrous Na2SO4, and concentrated by rotary evaporation to give pure unsaturated acid 6-7. 
The NMR data is consistent with previous report. (Y. Y. Yeung et al. J. Am. Chem. Soc. 2011, 133, 9164–
9167.) 
1H NMR (CDCl3, 400 MHz): δ 2.50-2.54 (m, 2H), 2.84 (m, 2H), 5.09 (d, J = 0.8 Hz, 1H), 5.31 (s, 1H), 7.24-7.40 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 30.12, 32.85, 112.95, 126.06, 127.66, 128.41, m 140.38, 146.51, 179.07. 
6.4 General procedure for kinetic study of unsaturated acid 6-7 and unsaturated alcohol 6-6. 
 
A 10-mL, flame-dried reaction tube, fitted with a septum and a magnetic stir bar, was charged with unsaturated alchohol 
6 (0.2 mmol) and an internal standard (1,2,4,5-tetrachlorobenzene, 0.1 mmol). Then CDCl3 (5 mL) was added via syringe. 
The flask was wrapped in Al-foil and then was evacuated. After that, NBS or NBS-quinuclidine complex 6-5 were added 
by one-portion. Then a solution of CH3COOH in CDCl3 (0.1 M) was added rapidly via syringe, and the resulting solution 
was stirred for at room temperature. The reaction progress was monitored by 1H NMR. After unsaturated alcohol 6-6 was 
disappeared, saturated aq. Na2S2O3 solution (5 mL) was added, and the resulting biphasic mixture was transferred to 
separatory funnel where it was diluted with H2O (10 mL) and was extracted with CH2Cl2 (4 x 10 mL). The combined 
organic extracts were dried over MgSO4, filtered and concentrated in vacuum. The residue was purified by column 
chromatography (Hexane/Ethylacetate = 10/1) to provide 207 mg (81%) of 6-8 as an oil. 
The NMR data is consistent with previous report: M. Greb, J. Hartung, F. Köhler, K. Špehar, R. Kluge, R. Csuk, Eur. J. 
Org. Chem. 2004, 3799-3812. 
1H NMR (CDCl3, 400 MHz): δ 1.78-1.88 (m, 1H), 1.99-2.09 (m, 1H), 2.21-2.28 (m, 1H), 2.37-2.45 (m, 1H), 3.64 (s, 2H), 
3.89-3.95 (m, 1H), 4.05-4.10 (m, 1H), 7.25-7.42 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 26.12, 36.43, 42.17, 68.64, 85.24, 125.53, 127.38, 128.25, 143.93. 
 
A 10-mL, flame-dried reaction tube, fitted with a septum and a magnetic stir bar, was charged with unsaturated alchohol 
6-6 (0.2 mmol) and an internal standard (1,2,4,5-tetrachlorobenzene, 0.1 mmol). Then CDCl3 (5 mL) was added via syringe. 
The flask was wrapped in Al-foil and then was evacuated. After that, NIS or NIS-quinuclidine complex 6-4 were added by 
one-portion. Then a solution of ClCH2COOH in CDCl3 (0.1 M) was added rapidly via syringe, and the resulting solution 
was stirred for at room temperature. The reaction progress was monitored by 1H NMR. After unsaturated alcohol 6-6 was 
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disappeared, saturated aq. Na2S2O3 solution (5 mL) was added, and the resulting biphasic mixture was transferred to 
separatory funnel where it was diluted with H2O (10 mL) and was extracted with CH2Cl2 (4× 10 mL). The combined 
organic extracts were dried over MgSO4, filtered and concentrated in vacuum. The residue was purified by column 
chromatography (Hexane/Ethylacetate = 10/1) to provide 207 mg (90%) of 6-13 as an oil. 
The NMR data is consistent with previous report (S. H. Kang, C. M. Park, S. B. Lee, M. Kim, Synlett 2004, 7, 1279-1281.) 
1H NMR (CDCl3, 400 MHz): δ 1.77-1.88 (m, 1H), 2.05-2.10 (m, 1H), 2.26-2.37 (m, 2H), 351-3.57 (m, 2H), 3.89-3.94 (m, 
1H), 4.04-4.10 (m, 1H), 4.23-4.40 (m, 5H).  
13C NMR (CDCl3, 100 MHz): δ 19.15, 26.24, 37.64, 68.45, 84.57, 125.38, 127.29, 128.26, 143.93. 
 
A 10-mL, flame-dried reaction tube, fitted with a septum and a magnetic stir bar, was charged with unsaturated acid 6-7 
(0.2 mmol) and an internal standard (1,2,4,5-tetrachlorobenzene, 0.1 mmol). Then CDCl3 (5 mL) was added via syringe. 
The flask was wrapped in Al-foil and then was evacuated. After that, NBS or NBS-quinuclidine complex 6-5 were added 
by one-portion and the resulting solution was stirred for at room temperature. The reaction progress was monitored by 1H 
NMR. After unsaturated acid 6-7 was disappeared, saturated aq. Na2S2O3 solution (5 mL) was added, and the resulting 
biphasic mixture was transferred to separatory funnel where it was diluted with H2O (10 mL) and was extracted with 
CH2Cl2 (4× 10 mL). The combined organic extracts were dried over MgSO4, filtered and concentrated in vacuum. The 
residue was purified by column chromatography (Hexane/Ethylacetate = 10/2) to provide 207 mg (90%) of 6-13 as an oil. 
The NMR data is consistent with previous report (L.Zhou, C. K.Tan, X. J. Jiang, F. Chen, Y. Y. Yeung, J. Am. Chem. 
Soc. 2010, 132, 15474–15476.) 
1H NMR (CDCl3, 400 MHz): δ 2.47-2.59 (m, 2H), 2.74-2.85 (m, 2H), 3.70 (d, J = 11.2 Hz, 1H), 3.73 (d, J = 11.2 Hz, 1H), 
7.31-7.41 (m, 5H). 
13C NMR (CDCl3, 100 MHz): δ 29.06, 32.37, 41.02, 86.42, 124.89, 128.67, 128.84, 140.72, 175.53. 
 
A 10-mL, flame-dried reaction tube, fitted with a septum and a magnetic stir bar, was charged with unsaturated acid 6-7 
(0.2 mmol) and an internal standard (1,2,4,5-tetrachlorobenzene, 0.1 mmol). Then CDCl3 (5 mL) was added via syringe. 
The flask was wrapped in Al-foil and then was evacuated. After that, NIS or NIS-quinuclidine complex 6-4 were added by 
one-portion and the resulting solution was stirred for at room temperature. The reaction progress was monitored by 1H 
NMR. After unsaturated acid 6-7 was disappeared, saturated aq. Na2S2O3 solution (5 mL) was added, and the resulting 
biphasic mixture was transferred to separatory funnel where it was diluted with H2O (10 mL) and was extracted with 
CH2Cl2 (4× 10 mL). The combined organic extracts were dried over MgSO4, filtered and concentrated in vacuum. The 
residue was purified by column chromatography (Hexane/Ethylacetate = 10/2) to provide 207 mg (95%) of 6-18 as an oil. 
The NMR data is consistent with previous report (H. Nakatsuji, Y. Sawamura, A. Sakakura, K. Ishihara, Angew. Chem. 
Int. Ed. 2014, 53, 6974-6977.) 
1H NMR (CDCl3, 400 MHz): δ 2.18-2.53 (m, 4H), 3.40 (d, J = 11.2 Hz, 1H),, 3.70 (d, J = 11.2 Hz, 1H), 7.05-7.14 (m, 
5H). 
13C NMR (CDCl3, 100 MHz): δ 16.30, 29.20, 33.93, 86.01, 124.84, 128.56, 128.81, 140.58, 175.33. 
6.5 X-ray data 
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 The single crystal of 6-2 suitable for X-ray analysis was grown in a solution of dichloromethane/Hexane at -30 °C under 
Ar, an orange block crystal of C25H30Cl2I2N4O4 having approximate dimensions of 0.400×0.100×0.100 mm was mounted 
on a glass fiber. All measurements were made on a Rigaku XtaLAB mini diffractometer using graphite monochromated 
Mo- -to-detector distance was 50.00 mm. The structure of 6-2 was solved by use of SHELXTL 
program. Refinement was performed on F2 anisotropically for all the non-hydrogen atoms by the full-matrix least-squares 
method. Crystallographic data has been deposited with the Cambridge Crystallographic Data Center, CCDC reference 
number: 1495217 
 
A. Crystal Data  
Empirical Formula C25H30Cl2I2N4O4 
Formula Weight 775.25 
Crystal Color, Habit yellow, prism 
Crystal Dimensions 0.400×0.100×0.100 mm 
Crystal System monoclinic 
Lattice Type Primitive 
Lattice Parameters a = 13.0962(10) Å 
 b = 19.8246(16) Å 
 c =  1.8508(9) Å 
  = 103.699(7)° 
 V = 2989.3(4) Å
3
 
Space Group P21/c (#14) 
Z value 4 
Dcalc 1.722 g/cm
3
 
F000 1520.00 
(MoK) 23.196 cm-1 
 
B. Intensity Measurements 
Diffractometer XtaLAB mini 
Radiation MoK( = 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50kV, 12mA 
Temperature -123.0oC 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
oscillation Range (=54.0, =0.0) -60.0–120.0o 
Exposure Rate  16.0 sec./o 
Detector Swing Angle 30.00o 
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 oscillation Range (=54.0, =120.0) -60.0 - 120.0o 
Exposure Rate  16.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =240.0) -60.0 - 120.0o 
Exposure Rate  16.0 sec./o 
Detector Swing Angle 30.00o 
Detector Position 50.00 mm 
Pixel Size 0.146 mm 
2max 55.0
o 
No. of Reflections Measured Total: 31041 
 Unique: 6845 (Rint = 0.0361) 
Corrections Lorentz-polarization 
  Absorption 
  (trans. factors: 0.527 - 0.793) 
 
C. Structure Solution and Refinement 
Structure Solution Direct Methods (SIR2008) 
Refinement Full-matrix least-squares on F2 
Function Minimized  (Fo2 - Fc2)2  
Least Squares Weights  = 1/ [2(Fo2) + (0.0185 . P)2  
  + 2.2517 . P ] 
  where P = (Max(Fo2,0) + 2Fc2)/3 
2max cutoff 55.0
o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 6845 
No. Variables 334 
Reflection/Parameter Ratio 20.49 
Residuals: R1 (I>2.00(I)) 0.0241 
Residuals: R (All reflections) 0.0290 
Residuals: R2 (All reflections) 0.0538 
Goodness of Fit Indicator 1.078 
Max Shift/Error in Final Cycle 0.001 
Maximum peak in Final Diff. Map 0.87 e-/Å3 
Minimum peak in Final Diff. Map -0.55 e-/Å3 
 
Table 1. Atomic coordinates and Biso/Beq 
atom    x    y    z  Beq 
I1     -0.05365(2)  0.38951(2)  0.40888(2)  1.700(4) 
I2     -0.04684(2)  0.14835(2)  0.47285(2)  1.678(4) 
Cl1    -0.58109(6)  0.17781(4)  0.95953(7)  3.569(14) 
Cl2    -0.57782(6)  0.21359(5)  0.72075(7)  3.988(16) 
O1     -0.08901(13)  0.48205(9)  0.16067(15)  2.17(3) 
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O2     -0.31509(17)  0.37331(14)  0.3345(2)  4.82(6) 
O3     -0.03805(14)  0.20145(10)  0.20947(15)  2.57(3) 
O4     -0.31049(14)  0.17425(10)  0.38343(16)  2.69(3) 
N1     -0.18303(15)  0.42128(10)  0.26624(17)  1.89(3) 
N2      0.08821(16)  0.35392(10)  0.56017(17)  1.76(3) 
N3     -0.15802(15)  0.18479(10)  0.31976(17)  1.74(3) 
N4      0.07898(15)  0.10847(10)  0.64138(17)  1.76(3) 
C1     -0.17151(19)  0.45716(12)  0.1699(2)  1.76(4) 
C2     -0.2763(2)  0.45986(13)  0.0821(2)  2.30(4) 
C3     -0.3510(2)  0.42070(15)  0.1383(3)  2.98(5) 
C4     -0.2852(2)  0.40174(14)  0.2572(3)  2.80(5) 
C5      0.1629(2)  0.31461(13)  0.5114(2)  2.31(4) 
C6      0.1379(2)  0.41321(13)  0.6272(2)  2.36(4) 
C7      0.2304(2)  0.39606(12)  0.7252(2)  1.94(4) 
C8      0.3327(2)  0.41262(13)  0.7206(2)  2.55(5) 
C9      0.4170(2)  0.39625(14)  0.8126(3)  3.00(5) 
C10     0.3994(2)  0.36373(14)  0.9089(3)  2.78(5) 
C11     0.2984(2)  0.34596(13)  0.9133(2)  2.47(5) 
C12     0.2142(2)  0.36200(13)  0.8224(2)  2.13(4) 
C13    -0.26564(19)  0.18830(12)  0.3079(2)  1.98(4) 
C14    -0.3164(2)  0.21323(14)  0.1865(2)  2.43(5) 
C15    -0.2248(2)  0.22325(14)  0.1289(2)  2.40(5) 
C16    -0.12881(19)  0.20247(12)  0.2201(2)  1.89(4) 
C17     0.1442(2)  0.16500(13)  0.6972(2)  2.23(4) 
C18     0.1417(2)  0.05242(13)  0.6096(2)  2.13(4) 
C19     0.21976(19)  0.02276(12)  0.7120(2)  1.98(4) 
C20     0.1850(2) -0.01258(13)  0.7973(2)  2.60(5) 
C21     0.2560(3) -0.03833(14)  0.8933(3)  3.17(5) 
C22     0.3629(2) -0.02958(15)  0.9046(3)  3.31(6) 
C23     0.3983(2)  0.00505(15)  0.8205(3)  3.09(5) 
C24     0.3270(2)  0.03127(14)  0.7247(2)  2.52(5) 
C26    -0.5043(2)  0.20654(16)  0.8653(2)  3.00(5) 
Beq = 8/3
2(U11(aa*)
2 + U22(bb*)
2 + U33(cc*)
2 + 2U12(aa*bb*)cos + 2U13(aa*cc*)cos  + 2U23(bb*cc*)cos ) 
 
Table 2. Atomic coordinates and Biso involving hydrogen atoms 
atom    x    y    z  Biso 
H3      0.41169 -0.04742  0.97020  3.976 
H7      0.45666  0.35352  0.97242  3.338 
H8      0.14500  0.34976  0.82632  2.557 
H10A    0.18008  0.06917  0.55254  2.551 
H10B    0.09337  0.01636  0.57152  2.551 
H11     0.11179 -0.01913  0.78951  3.118 
H13A   -0.27133  0.43860  0.00801  2.760 
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H13B   -0.30016  0.50707  0.06674  2.760 
H14     0.28669  0.32257  0.97902  2.964 
H15     0.48664  0.40754  0.80894  3.598 
H16A   -0.23337  0.19465  0.05874  2.882 
H16B   -0.21960  0.27100  0.10641  2.882 
H17A    0.08449  0.43677  0.65953  2.829 
H17B    0.16127  0.44480  0.57373  2.829 
H18A   -0.35402  0.25623  0.18954  2.917 
H18B   -0.36663  0.17951  0.14357  2.917 
H19A   -0.41147  0.44905  0.14509  3.573 
H19B   -0.37753  0.37991  0.09255  3.573 
H24     0.34503  0.43517  0.65432  3.065 
H25     0.35199  0.05528  0.66724  3.021 
H26A   -0.47404  0.25112  0.89232  3.604 
H26B   -0.44532  0.17480  0.86840  3.604 
H33     0.23141 -0.06197  0.95143  3.807 
H34     0.47158  0.01101  0.82812  3.711 
H36A    0.09938  0.19935  0.72033  2.675 
H36B    0.18139  0.18469  0.64240  2.675 
H36C    0.19541  0.14868  0.76599  2.675 
H37A    0.12583  0.27716  0.46523  2.769 
H37B    0.21848  0.29672  0.57475  2.769 
H37C    0.19407  0.34377  0.46180  2.769 
 
Table 3. Anisotropic displacement parameters 
atom   U11   U22   U33   U12   U13   U23 
I1     0.02061(8) 0.02379(8) 0.01938(8) -0.00155(6)  0.00315(6)  0.00175(6) 
I2     0.01781(8) 0.02548(8) 0.01994(8)  0.00165(6)  0.00341(6)  0.00128(6) 
Cl1    0.0397(4) 0.0558(5) 0.0424(4)  0.0036(4)  0.0143(3)  0.0014(4) 
Cl2    0.0414(4) 0.0702(6) 0.0382(4) -0.0108(4)  0.0059(3)  0.0003(4) 
O1     0.0241(9) 0.0321(9) 0.0274(9)  0.0019(7)  0.0083(8)  0.0033(8) 
O2     0.0364(12) 0.0907(18) 0.0525(14) -0.0316(13)  0.0039(11)  0.0234(14) 
O3     0.0273(10) 0.0431(11) 0.0304(10)  0.0064(8)  0.0131(8)  0.0064(8) 
O4     0.0238(9) 0.0469(11) 0.0336(10)  0.0028(8)  0.0107(8)  0.0080(9) 
N1     0.0206(10) 0.0281(11) 0.0201(10) -0.0034(8) -0.0011(8)  0.0024(8) 
N2     0.0220(10) 0.0234(10) 0.0203(10)  0.0015(8)  0.0024(8)  -0.0002(8) 
N3     0.0195(10) 0.0262(10) 0.0199(10)  0.0035(8)  0.0036(8)  0.0031(8) 
N4     0.0188(10) 0.0267(11) 0.0202(10)  0.0031(8)  0.0019(8)  0.0016(8) 
C1     0.0266(13) 0.0197(11) 0.0194(11)  0.0053(10)  0.0027(10) -0.0036(9) 
C2     0.0277(13) 0.0324(14) 0.0227(12)  0.0039(11) -0.0032(11) -0.0023(11) 
C3     0.0247(13) 0.0394(16) 0.0399(16) -0.0074(12) -0.0105(12)  0.0017(13) 
C4     0.0283(14) 0.0390(15) 0.0348(15) -0.0126(12)  -0.0011(12)  0.0037(13) 
C5     0.0295(13) 0.0301(13) 0.0279(13)  0.0045(11)  0.0065(11) -0.0019(11) 
C6     0.0312(14) 0.0267(13) 0.0272(13)  0.0024(11) -0.0021(11) -0.0028(11) 
123
C7     0.0258(12) 0.0234(12) 0.0228(12)  0.0011(10)  0.0018(10) -0.0031(10) 
C8     0.0318(14) 0.0305(14) 0.0357(15) -0.0040(11)  0.0098(12)  0.0017(12) 
C9     0.0202(13) 0.0406(16) 0.0508(18) -0.0049(11)  0.0039(13) -0.0049(14) 
C10    0.0277(14) 0.0333(14) 0.0366(15)  0.0035(11) -0.0085(12) -0.0046(12) 
C11    0.0356(15) 0.0322(14) 0.0235(13)  0.0043(11)  0.0018(11)  0.0023(11) 
C12    0.0226(12) 0.0304(13) 0.0271(13)  0.0007(10)  0.0041(10) -0.0019(11) 
C13    0.0203(12) 0.0252(12) 0.0291(13)  0.0015(10)  0.0048(10)  0.0007(10) 
C14    0.0242(13) 0.0369(14) 0.0288(13)  0.0053(11)  0.0014(11)  0.0051(12) 
C15    0.0294(14) 0.0372(15) 0.0237(13)  0.0085(11)  0.0043(11)  0.0076(11) 
C16    0.0260(13) 0.0229(12) 0.0239(12)  0.0043(10)  0.0076(10)  0.0014(10) 
C17    0.0273(13) 0.0317(13) 0.0230(12)  -0.0002(11)  0.0006(10) -0.0039(11) 
C18    0.0277(13) 0.0288(13) 0.0232(12)  0.0056(10)  0.0037(10) -0.0018(10) 
C19    0.0250(12) 0.0249(12) 0.0235(12)  0.0061(10)  0.0018(10) -0.0036(10) 
C20    0.0320(14) 0.0315(14) 0.0339(14)  0.0042(11)  0.0051(12)  0.0027(12) 
C21    0.0524(19) 0.0337(15) 0.0328(15)  0.0070(13)  0.0066(14)  0.0082(13) 
C22    0.0450(17) 0.0400(16) 0.0317(15)  0.0169(14) -0.0094(13) -0.0028(13) 
C23    0.0241(14) 0.0489(17) 0.0395(16)  0.0087(12) -0.0025(12) -0.0090(14) 
C24    0.0280(13) 0.0353(14) 0.0320(14)  0.0032(11)  0.0064(11) -0.0037(12) 
C26    0.0236(13) 0.0511(18) 0.0397(16)  0.0055(12)  0.0080(12) -0.0084(14) 
 
 
The single crystal of 6-3 suitable for X-ray analysis was grown in a solution of dichloromethane/Hexane at -30 C under 
Ar, A colorless block crystal of C13H17IN2O2 having approximate dimensions of 0.400 × 0.400 × 0.300 mm was mounted 
on a glass fiber. All measurements were made on a Rigaku XtaLAB mini diffractometer using graphite monochromated 
Mo-  crystal-to-detector distance was 49.99 mm. The structure of 6-3 was solved by use of SHELXTL 
program. Refinement was performed on F2 anisotropically for all the non-hydrogen atoms by the full-matrix least-squares 
method. Crystallographic data has been deposited with the Cambridge Crystallographic Data Center, CCDC reference 
number: 1495215 
 
A. Crystal Data  
Empirical Formula C13H17IN2O2 
Formula Weight 360.19 
Crystal Color, Habit colorless, block 
Crystal Dimensions 0.400 × 0.400 × 0.300 mm 
Crystal System monoclinic 
Lattice Type Primitive 
Lattice Parameters a = 10.131(13) Å 
 b =  7.209(9) Å 
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 c =  10.194(12) Å 
 o 
 V = 703.3(15) Å3 
Space Group P21 (#4) 
Z value 2 
Dcalc 1.701 g/cm
3 
F000 356.00 
(MoK) 22.741 cm-1 
 
B. Intensity Measurements 
Diffractometer XtaLAB mini 
Radiation MoK (= 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50kV, 12mA 
Temperature -123.0 oC 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
  -60.0 - 120.0o 
Exposure Rate  20.0 sec./o 
Detector Swing Angle 30.00o 
  -60.0 - 120.0o 
Exposure Rate  20.0 sec./o 
Detector Swing Angle 30.00o 
  -60.0 - 120.0o 
Exposure Rate  20.0 sec./o 
Detector Swing Angle 30.00o 
  -60.0 - 120.0o 
Exposure Rate  20.0 sec./o 
Detector Swing Angle 30.40o 
  -60.0 - 120.0o 
Exposure Rate  20.0 sec./o 
Detector Swing Angle 30.40o 
 osc  -60.0 - 120.0o 
Exposure Rate  20.0 sec./o 
Detector Swing Angle 30.40o 
Detector Position 49.99 mm 
Pixel Size 0.073 mm 
2max 55.0
o 
No. of Reflections Measured Total: 6423 
 Unique: 3154 (Rint = 0.0557) 
 Parsons quotients (Flack x parameter): 1164 
Corrections Lorentz-polarization 
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  Absorption 
  (trans. factors: 0.275 - 0.505) 
  Secondary Extinction 
  (coefficient: 8.32000e-003) 
 
C. Structure Solution and Refinement 
Structure Solution Direct Methods (SIR2008) 
Refinement Full-matrix least-squares on F2 
Function Minimized w (Fo2 - Fc2)2  
Least Squares Weights 2(Fo2) + (0.0257 . P)2  
  + 0.0000 .P ] 
  where P = (Max(Fo2,0) + 2Fc2)/3 
2max cutoff 55.0
o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 3154 
No. Variables 164 
Reflection/Parameter Ratio 19.23 
Residuals: R1 (I>2.00(I)) 0.0376 
Residuals: R (All reflections) 0.0391 
Residuals: wR2 (All reflections) 0.0794 
Goodness of Fit Indicator 0.915 
Flack parameter (Parsons' quotients = 1164) 0.04(4) 
Max Shift/Error in Final Cycle 0.000 
Maximum peak in Final Diff. Map 1.17 e-/Å3 
Minimum peak in Final Diff. Map -1.62 e-/Å3 
 
Table 1. Atomic coordinates and Biso/Beq 
atom    x    y    z  Beq 
I1      0.09307(4)  0.87496(13)  0.68843(4)  1.287(13) 
O14     0.1018(6)  0.6297(9)  0.9724(7)  2.65(13) 
O19    -0.2426(6)  0.9634(7)  0.6609(6)  1.85(10) 
N2      0.2446(7)  0.9288(8)  0.5500(7)  1.64(14) 
N10    -0.0481(7)  0.8061(8)  0.8017(7)  1.34(12) 
C1      0.1631(7)  0.871(2)  0.4081(7)  2.13(12) 
C3      0.2869(8)  1.1274(11)  0.5450(8)  1.64(14) 
C4     -0.0136(8)  0.6984(11)  0.9155(9)  1.58(14) 
C5      0.3632(8)  1.2208(10)  0.6787(8)  1.33(13) 
C6     -0.2560(8)  0.7752(11)  0.8542(8)  1.56(14) 
C7      0.2909(8)  1.3368(11)  0.7423(9)  1.73(19) 
C8      0.5763(9)  1.2982(11)  0.8622(10)  2.00(15) 
C9      0.5044(9)  1.4155(11)  0.9224(9)  1.92(19) 
C11     0.5070(8)  1.2052(11)  0.7401(9)  1.58(14) 
C15     0.3596(9)  1.4347(10)  0.8619(9)  1.98(16) 
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C16     0.3689(9)  0.8070(11)  0.6046(10)  2.09(16) 
C17    -0.1395(9)  0.6775(13)  0.9657(10)  1.97(16) 
C18    -0.1872(7)  0.866(2)  0.7599(7)  1.46(12) 
Beq = 8/3 
2(U11(aa*)
2 + U22(bb*)
2 + U33(cc*)
2 + 2U12(aa*bb*)cos + 2U13(aa*cc*)cos + 2U23(bb*cc*)cos ) 
Table 2. Atomic coordinates and Biso involving hydrogen atoms 
atom    x    y    z  Biso 
H1A     0.22436  0.86569  0.35105  2.555 
H1B     0.08774  0.95993  0.36778  2.555 
H1C     0.12302  0.74758  0.41085  2.555 
H3A     0.34627  1.13410  0.48490  1.971 
H3B     0.20137  1.20015  0.49881  1.971 
H6A    -0.32766  0.68499  0.80187  1.869 
H6B    -0.30122  0.86926  0.89608  1.869 
H7      0.19235  1.34838  0.70226  2.081 
H8      0.67402  1.28120  0.90508  2.401 
H9      0.55302  1.48265  1.00417  2.298 
H11     0.55853  1.12978  0.69783  1.891 
H15     0.30898  1.51412  0.90257  2.382 
H16A    0.33848  0.67788  0.60432  2.508 
H16B    0.42222  0.84416  0.69970  2.508 
H16C    0.42794  0.81850  0.54572  2.508 
H17A   -0.16229  0.54509  0.97271  2.367 
H17B   -0.12184  0.73735  1.05722  2.367 
 
 
Experimental  
The single crystal of 6-4 suitable for X-ray analysis was grown in a solution of dichloromethane/Hexane at 0 °C under Ar. 
A colorless chunk crystal of C11H17IN2O2 having approximate dimensions of 0.400 × 0.300 × 0.200 mm was mounted 
on a glass fiber. All measurements were made on a RigakuXtaLAB mini diffractometer using graphite monochromated 
Mo-K radiation. The crystal-to-detector distance was 450.00 mm. The structure of 6-4 was solved by use of SHELXTL 
program. Refinement was performed on F2 anisotropically for all the non-hydrogen atoms by the full-matrix least-squares 
method. Crystallographic data has been deposited with the Cambridge Crystallographic Data Center, CCDC reference 
number: 1495214 
A. Crystal Data  
Empirical Formula C11H17IN2O2 
Formula Weight 336.17 
Crystal Color, Habit colorless, chunk 
Crystal Dimensions 0.400 × 0.300 × 0.200 mm 
Crystal System monoclinic 
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Lattice Type Primitive 
Lattice Parameters a =  9.9099(10) Å 
 b =  10.4515(10) Å 
 c =  12.5123(13) Å 
 = 106.827(8) o 
 V = 1240.5(2) Å3 
Space Group P21/n (#14) 
Z value 4 
Dcalc 1.800 g/cm
3 
F000 664.00 
(MoK) 25.714 cm-1 
 
B. Intensity Measurements 
Diffractometer XtaLAB mini 
Radiation MoK (= 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50kV, 12mA 
Temperature -123.0 oC 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
oscillation Range (=54.0, =0.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =120.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
oscillation Range (=54.0, =240.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
oscillation Range (=54.0, =0.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
=54.0, =120.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
oscillation Range (=54.0, =240.0) -60.0 - 120.0o 
Exposure Rate  64.0 sec./o 
Detector Swing Angle 30.00o 
Detector Position 50.00 mm 
Pixel Size 0.073 mm 
2max 55.0
o 
No. of Reflections Measured Total: 12350 
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 Unique: 2829 (Rint = 0.0258) 
Corrections Lorentz-polarization 
  Absorption 
  (trans. factors: 0.503 - 0.598) 
 
C. Structure Solution and Refinement 
Structure Solution Direct Methods (SHELXS97) 
Refinement Full-matrix least-squares on F2 
Function Minimized w (Fo2 - Fc2)2  
Least Squares Weights w = 1/ [2(Fo2) + (0.0156 . P)2  
 + 0.7506 .P ] 
  where P = (Max(Fo2,0) + 2Fc2)/3 
2max cutoff 55.0
o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 2829 
No. Variables 145 
Reflection/Parameter Ratio 19.51 
Residuals: R1 (I>2.00(I)) 0.0167 
Residuals: R (All reflections) 0.0174 
Residuals: wR2 (All reflections) 0.0430 
Goodness of Fit Indicator 1.154 
Max Shift/Error in Final Cycle 0.001 
Maximum peak in Final Diff. Map 0.35 e-/Å3 
Minimum peak in Final Diff. Map -0.73 e-/Å3 
 
Table 1. Atomic coordinates and Biso/Beq 
atom    x    y    z  Beq 
I1      0.22943(2) -0.00987(2)  0.49820(2)  1.287(4) 
O2      0.31957(15) -0.11838(12)  0.76535(11)  2.18(2) 
O6      0.28034(19) -0.31710(13)  0.43354(11)  2.96(3) 
N13     0.15962(14)  0.18353(12)  0.39868(11)  1.15(2) 
N17     0.29402(16) -0.19008(13)  0.58673(12)  1.54(2) 
C4      0.08041(19)  0.39010(16)  0.28673(14)  1.63(3) 
C5      0.33111(17) -0.20229(16)  0.70143(14)  1.47(3) 
C7      0.0443(2)  0.39588(17)  0.39731(15)  1.83(3) 
C8      0.23964(19)  0.37234(17)  0.31160(15)  1.74(3) 
C9      0.3681(2) -0.40452(17)  0.62163(15)  1.88(3) 
C10     0.0979(2)  0.27303(17)  0.46415(15)  1.89(3) 
C11     0.3874(2) -0.33652(17)  0.73335(15)  1.96(3) 
C12     0.00547(19)  0.27432(18)  0.22030(15)  1.87(3) 
C14     0.3098(2) -0.30278(16)  0.53421(15)  1.75(3) 
C15     0.28280(19)  0.24473(18)  0.37414(16)  2.04(3) 
C16     0.0515(2)  0.15322(17)  0.29161(14)  1.88(3) 
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Beq = 8/3 
2(U11(aa*)
2 + U22(bb*)
2 + U33(cc*)
2 + 2U12(aa*bb*)cos  + 2U13(aa*cc*)cos  + 2U23(bb*cc*)cos ) 
 
Table 2. Atomic coordinates and Biso involving hydrogen atoms 
atom    x    y    z  Biso 
H4      0.04977  0.47057  0.24324  1.959 
H7A    -0.05903  0.40339  0.38298  2.201 
H7B     0.08928  0.47170  0.44057  2.201 
H8A     0.28971  0.44418  0.35799  2.082 
H8B     0.26570  0.37155  0.24096  2.082 
H9A     0.45927 -0.43748  0.61564  2.256 
H9B     0.30125 -0.47681  0.61318  2.256 
H10A    0.17014  0.29548  0.53464  2.271 
H10B    0.01870  0.23053  0.48337  2.271 
H11A    0.33336 -0.38017  0.77798  2.355 
H11B    0.48815 -0.33408  0.77705  2.355 
H12A    0.03065  0.26656  0.14956  2.240 
H12B   -0.09797  0.28519  0.20201  2.240 
H15A    0.32136  0.18633  0.32796  2.447 
H15B    0.35753  0.26065  0.44489  2.447 
H16A   -0.03161  0.11404  0.30745  2.253 
H16B    0.09055  0.09036  0.24931  2.253 
 
 
The single crystal of 6-5 suitable for X-ray analysis was grown in a solution of dichloromethane/Hexane at 0 °C under Ar. 
A colorless prism crystal of C11H17BrN2O2 having approximate dimensions of 0.400 × 0.200 × 0.200 mm was mounted on 
a glass fiber. All measurements were made on a Rigaku XtaLAB mini diffractometer using graphite monochromated Mo-
K radiation. The crystal-to-detector distance was 50.00 mm. The structure of 6-5 was solved by use of SHELXTL program. 
Refinement was performed on F2 anisotropically for all the non-hydrogen atoms by the full-matrix least-squares method. 
Crystallographic data has been deposited with the Cambridge Crystallographic Data Center, CCDC reference number: 
1495216 
 
A. Crystal Data  
Empirical Formula C11H17BrN2O2 
Formula Weight 289.17 
Crystal Color, Habit colorless, prism 
Crystal Dimensions 0.400 X 0.200 X 0.200 mm 
Crystal System monoclinic 
Lattice Type Primitive 
Lattice Parameters a = 9.9776(13) Å 
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 b = 10.2427(13) Å 
 c =  12.2501(16) Å 
 = 106.868(8) o 
 V = 1198.1(3) Å3 
Space Group P21/n (#14) 
Z value 4 
Dcalc 1.603 g/cm
3 
F000 592.00 
(MoK) 34.293 cm-1 
 
B. Intensity Measurements 
Diffractometer XtaLAB mini 
Radiation MoK (= 0.71075 Å) 
 graphite monochromated 
Voltage, Current 50kV, 12mA 
Temperature -123.0oC 
Detector Aperture 75.0 mm (diameter) 
Data Images 540 exposures 
oscillation Range (=54.0, =0.0) -60.0 - 120.0o 
Exposure Rate  24.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =120.0) -60.0 - 120.0o 
Exposure Rate  24.0 sec./o 
Detector Swing Angle 30.00o 
 oscillation Range (=54.0, =240.0) -60.0 - 120.0o 
Exposure Rate  24.0 sec./o 
Detector Swing Angle 30.00o 
oscillation Range (=54.0, =0.0) -60.0 - 120.0o 
Exposure Rate  24.0 sec./o 
Detector Swing Angle 30.00o 
oscillation Range (=54.0, =120.0) -60.0 - 120.0o 
Exposure Rate  24.0 sec./o 
Detector Swing Angle 30.00o 
oscillation Range (=54.0, =240.0) -60.0 - 120.0o 
Exposure Rate  24.0 sec./o 
Detector Swing Angle 30.00o 
Detector Position 50.00 mm 
Pixel Size 0.073 mm 
2max 55.0
o 
No. of Reflections Measured Total: 12299 
 Unique: 2742 (Rint = 0.0408) 
Corrections Lorentz-polarization 
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  Absorption 
  (trans. factors: 0.348 - 0.504) 
  Secondary Extinction 
  (coefficient: 8.29000e-003) 
C. Structure Solution and Refinement 
Structure Solution Direct Methods (SHELXS97) 
Refinement Full-matrix least-squares on F2 
Function Minimized w (Fo2 - Fc2)2  
Least Squares Weights w = 1/ 2(Fo2) + (0.0182 . P)2  
  + 0.8468 .P ] 
  where P = (Max(Fo2,0) + 2Fc2)/3 
2max cutoff 55.0
o 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (All reflections) 2742 
No. Variables 146 
Reflection/Parameter Ratio 18.78 
Residuals: R1 (I>2.00(I)) 0.0241 
Residuals: R (All reflections) 0.0277 
Residuals: wR2 (All reflections) 0.0584 
Goodness of Fit Indicator 1.064 
Max Shift/Error in Final Cycle 0.000 
Maximum peak in Final Diff. Map 0.36 e-/Å3 
Minimum peak in Final Diff. Map -0.40 e-/Å3 
 
Table 1. Atomic coordinates and Biso/Beq 
atom    x    y    z  Beq 
Br1     0.28120(2)  0.48943(2)  0.50484(2)  1.541(6) 
O3      0.18340(15)  0.39658(13)  0.23707(11)  2.15(2) 
O6      0.24229(18)  0.18809(14)  0.57675(12)  2.84(3) 
N4      0.21945(17)  0.31952(14)  0.41973(13)  1.66(3) 
N17     0.34382(15)  0.67347(14)  0.60041(12)  1.30(2) 
C2      0.4560(2)  0.89033(18)  0.60135(16)  1.87(3) 
C5      0.1358(2)  0.10433(18)  0.38444(16)  1.83(3) 
C7      0.2047(2)  0.20509(18)  0.47367(16)  1.73(3) 
C8      0.17455(19)  0.31040(17)  0.30244(16)  1.55(3) 
C10     0.3999(2)  0.76628(18)  0.53140(16)  1.81(3) 
C11     0.4199(2)  0.88427(18)  0.71425(16)  1.67(3) 
C12     0.1143(2)  0.17453(18)  0.27009(16)  1.83(3) 
C13     0.4946(2)  0.76715(19)  0.78228(16)  1.97(3) 
C15     0.4547(2)  0.64356(18)  0.70832(16)  1.86(3) 
C16     0.22127(19)  0.73151(19)  0.62804(17)  1.83(3) 
C18     0.2607(2)  0.86504(18)  0.68768(16)  1.73(3) 
Beq = 8/3 
2(U11(aa*)
2 + U22(bb*)
2 + U33(cc*)
2 + 2U12(aa*bb*)cos  + 2U13(aa*cc*)cos  + 2U23(bb*cc*)cos ) 
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 Table 2. Atomic coordinates and Biso involving hydrogen atoms 
atom    x    y    z  Biso 
H2A     0.55875  0.89606  0.61619  2.247 
H2B     0.41306  0.96883  0.55798  2.247 
H5A     0.04504  0.07582  0.39392  2.198 
H5B     0.19695  0.02703  0.38976  2.198 
H10A    0.32489  0.79036  0.46164  2.178 
H10B    0.47638  0.72404  0.50788  2.178 
H11     0.44941  0.96664  0.75851  2.006 
H12A    0.16465  0.12887  0.22253  2.201 
H12B    0.01361  0.17929  0.22752  2.201 
H13A    0.46662  0.75731  0.85304  2.367 
H13B    0.59725  0.78047  0.80375  2.367 
H15A    0.53847  0.60891  0.69037  2.234 
H15B    0.42043  0.57576  0.75127  2.234 
H16A    0.18896  0.67174  0.67871  2.198 
H16B    0.14357  0.74318  0.55706  2.198 
H18A    0.21054  0.93601  0.63732  2.081 
H18B    0.23340  0.86736  0.75918  2.081 
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Oxidative Amidation of Nitroalkanes with Amine Nucleophiles using
Molecular Oxygen and Iodine
Jing Li, Martin J. Lear, Yuya Kawamoto, Shigenobu Umemiya, Alice R. Wong, Eunsang Kwon,
Itaru Sato, and Yujiro Hayashi*
Abstract: The formation of amides and peptides often
necessitates powerful yet mild reagent systems. The reagents
used, however, are often expensive and highly elaborate. New
atom-economical and practical methods that achieve such
goals are highly desirable. Ideally, the methods should start
with substrates that are readily available in both chiral and
non-chiral forms and utilize cheap reagents that are compatible
with a wide variety of functional groups, steric encumberance,
and epimerizable stereocenters. A direct oxidative method was
developed to form amide and peptide bonds between amines
and primary nitroalkanes simply by using I2 and K2CO3 under
O2. Contrary to expectations, a 1:1 halogen-bonded complex
forms between the iodonium source and the amine, which
reacts with nitronates to form a-iodo nitroalkanes as precur-
sors to the amides.
Traditional peptide and amide synthesis involves the electro-
philic derivatization and activation of a carboxylic acid into an
amine-selective acylating species (Eq. (1), Figure 1; Lg=
leaving group).[1,2] There are, however, a few atypical cases
of forming reactive N-acylating species in an oxidative
manner from alcohols, aldehydes, and alkyne precursors.[3,4]
Notably, pre-synthesized a-bromo substituted nitroalkanes
have been oxidized with N-iodosuccinimide (NIS) and
molecular oxygen in the presence of amines.[5–7] To account
for the apparent umpolung in reactivity of the amine
components, the intermediacy of electrophilic N-iodo
amines and tetrahedral a-amino, a-bromo nitroalkanes were
suggested.[5, 6] From a synthetic point of view, however,
methods to achieve direct asymmetric access to a-bromo
nitroalkanes are relatively limited in substrate scope.[7, 8] In
comparison, there are a wide variety of catalytic asymmetric
methods that adopt nitromethane as a simple, cheap pro-
nucleophile to add to both alkyl and aryl aldehydes, imines,
enals, enones, and so forth.[9, 10] Herein, our interest was to
exploit these readily available primary nitroalkane substrates
(Eqs. (2) and (3)) and develop a direct oxidative method to
form amide and peptide bonds in a most economical and
practical manner.
Our inspiration for this study started after our 2013 total
synthesis of prostaglandin A1 and E1 methyl esters.
[11] Specif-
ically, we discovered the base-promoted Nef conversion of
a key nitroalkene into an enone product under aerobic
conditions. In 2014, we extended this oxidative transforma-
tion to a wide range of nitroalkenes and nitroalkanes to
produce enones and ketones, respectively (Eq. (3); Fg=
alkyl).[12] Mechanistic insights were gained from 18O-labeling,
nitrite/nitrate ion analysis, intramolecular thioether trapping,
and radical clock experiments. In short, the formation of
ketones from secondary a-alkylated nitroalkanes was shown
to be consistent with a single-electron transfer (SET)
mechanism from a charged aci-nitronate electron donor to
a triplet dioxygen molecule to afford an eventual dioxirane
adduct after expelling a nitrite anion. The dioxirane subse-
quently acts as an electrophilic source of mono-oxygen[13] that
can be captured by another nitronate anion in the surround-
ing basic medium.
On the basis of these recent mechanistic findings,[12] we
reasoned that secondary a-amino nitroalkanes could be
formed in situ by reacting primary nitronates with electro-
philic N-halo amines (Eq. (3); Hal= halogen, Fg= amine).
These would be similarly oxidized with oxygen to afford
peroxy adducts bearing amine groups and eventually trans-
Figure 1. Traditional versus oxidative approaches to amide formation.
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form into amides. At this juncture, among other mechanistic
concerns, it was not certain whether the formation and
reaction of N-iodo amines could be achieved in situ and
thereby generate the requisite a-amino nitroalkane inter-
mediates. This premise was, however, given credence by the
suggestion of N-iodo amine and a-amino nitroalkane inter-
mediates being reported in a series of oxidative umpolung
amide synthesis (UmAS) studies.[5–7] Herein, during the
course of developing an atom-economical, direct amidation
procedure of readily prepared chiral nitroalkanes,[9,10] we
describe our independent findings and ultimately propose
new mechanistic aspects that have general implications both
in amine/halogen-based chemistry and in UmAS chemistry.
Despite some mechanistic concerns regarding the amine
component and the oxidative steps (Eq. (3)), we first elected
to pursue the base-promoted oxidative coupling of the
racemic nitroalkane 1[9] with the hydrochloride salt of (S)-
phenylalanine methyl ester 2 and NIS in acetonitrile
(Table 1). Thus, the resultant 1:1 diastereomeric mixture of
the dipeptide 3 could be checked for its stereochemical
integrity by NMR and HPLC analysis. In the first instance,
the base was varied (entries 1–7). This quickly demonstrated
K2CO3 (entry 4) to be superior to weaker bases such as
NaOAc, which gave the a-iodo nitroalkane 4 (entry 1).
Stronger bases, such as Cs2CO3 and K3PO4, gave slightly
lower yields of the dipeptide product 3 (entries 5 and 6).
Soluble bases such as DBUwere also found inferior to K2CO3
(cf. entries 4 and 7), but both conditions resulted in significant
amounts of the carboxylic acid 5 (30–50% yields). The use of
less electrophilic N-halosuccinamides did not improve the
result (entries 8 and 9), and the a,a-dichloro nitroalkane 6
(X=Cl) was isolated in one case (entry 9). A change in the
solvent system with NIS and adopting two equivalents of the
free amine of 2 proved more successful (entries 10 to 15). In
particular, the use of molecular I2 or NIS at room temperature
afforded optimal yields of dipeptide 3 (67%; entry 15).
Generation of the carboxylic side-product 5 could not be
avoided even under strictly anhydrous conditions.
Next, we investigated the scope of the oxidative amidation
method with the use of NIS (Scheme 1) and I2 (Scheme 2).
The optimal solvent for primary and secondary alkyl amines
was determined to be acetonitrile (Eq. (5)). Unsaturated
functional groups, such as benzyl, allyl, and alkynyl groups,
remained unreacted, and the amidation method also tolerated
unprotected hydroxy groups (9, 11g). Extension of the
method to amino acid esters with (R)-1[14] was optimally
performed with I2 in 1:1 THF/toluene (Eq. (6)). Importantly,
the dipeptide products (3, 12) were produced with complete
stereochemical integrity. No epimerization of potentially
labile a-stereocenters was observed (Supporting Informa-
tion). The same tolerances were found for readily prepared,
chiral nitroalkyl Michael adducts[15] (13!14, Eq. (7)) and
standard protecting groups (for example,O-tBu,N-Tr,N-Cbz,
N-Boc; Tr= trityl= triphenymethyl, Cbz= benzyloxycar-
bonyl, Boc= tert-butyloxycarbonyl) were also found to be
compatible.
To evaluate whether our initial mechanistic idea was in
keeping with prior studies,[12] we began to explore the first a-
amination step of our proposal (Eq. (3)). In short, all attempts
to prepare, infer, or observe the anticipated N-iodo
amines,[5–7] were not confirmed in our hands. Instead, we
interpret our NMR data to show that amines like allylamine
and a-methyl benzyl amine form a complex readily with NIS
and precipitate, and these precipitates behave chemically as
sources of electrophilic iodine and nucleophilic amine. For
Table 1: Optimization of oxidative peptide formation.[a]
Entry Base X+ Solvent (t [h]) 3 4 5
1 NaOAc NIS CH3CN (5) – 5 –
2 KOAc NIS CH3CN (5) 20 – –
3 Na2CO3 NIS CH3CN (15) 5 – –
4 K2CO3 NIS CH3CN (3) 49 – 30
5 Cs2CO3 NIS CH3CN (2) 30 – –
6 K3PO4 NIS CH3CN (3) 42 – –
7 DBU NIS CH3CN (12) 30 – 50
8 K2CO3 NBS CH3CN (12) 20 – –
9 K2CO3 NCS CH3CN (12) – –
[b] –
10[c] K2CO3 NIS CH3CN (2.5) 51 – –
11[c] K2CO3 NIS THF (7.5) 51 – –
12[c] K2CO3 NIS PhCH3 (48) 15 – 60
13[c] K2CO3 NIS DMSO (48) 15 – 30
14[c,d] K2CO3 NIS 1:1 media (12) 59 – 30
15[c,e] K2CO3 I2 1:1 media (4) 67 – 25
[a] Unless noted otherwise, all reactions were conducted with nitroalkane
1 [0.2 mmol], amine·HCl salt 2 [0.2 mmol], base [0.6 mmol], halonium
(X+) source [0.2 mmol] at 0 8C in solvent [2 mL] under O2 [1 atmosphere]
and yields of isolated products (%) are given. [b] Dichlorinated nitro-
alkane 6 (X=Cl) was isolated in 10% yield. [c] For entries 10 to 15, two
equivalents of the free amine 2 [0.4 mmol] and base [0.4 mmol] were
used. [d] 1:1 toluene/THF mixture was used. [e] Reaction performed at
room temperature with free amine 2 [0.4 mmol] and base [0.4 mmol];
a similar result was obtained with NIS [0.2 mmol] over 12 h. Scheme 1. Oxidative amidation using NIS/O2.
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example, these 1:1 NIS/amine precipitates can be employed
directly in our base-promoted nitroalkane amidation proce-
dure with similar success (cf. Eq. (4)), and they also react with
electrophilic Boc2O to form standard NH-Boc amides slowly
(Supporting Information). Eventually, we were able to obtain
a single-crystal X-ray crystallographic structure for the allyl-
amine/NIS complex 15 (Figure 2).
This evidence of a halogen bonded amine complex 15 and
isolating an a-iodo nitroalkane 4 (Table 1, entry 1) clearly
puts our proposed a-amination (Eq. (3), Fg=NHR) into
question. Suspecting a-iodination was occurring first, and
thus the mono-iodide 4 as an early intermediate, we first
checked for its formation by reacting the aci-nitronate anion
of 1 with 15 or NIS alone (Scheme 3). This being the case in
75% yield, pre-prepared 4 was tested for its ability to form
amides directly. Electrophilic halogen sources were omitted
and 4 was reacted in the presence of K2CO3, O2, and a slight
excess of allylamine or phenylalanine methyl ester 2. The
anticipated amides were isolated in good yields at 0 8C within
30 min. The iodo nitroalkane 4 was even reactive enough to
couple with the methyl ester of l-proline, a secondary amino
ester often displaying unique reactivity, giving its respective
dipeptide 16 in 51% yield.
Notably, we did not observe the intermediacy or isolate
any a-amino nitroalkane product, as either we proposed in
Equation (3)[12] or as reported in umpolung amide synthesis
(UmAS) studies.[5–7] This was the case even by directly
reacting pre-formed N-bromo amines (or 15, see above) with
the aci-nitronate of 1; in fact, this generated the a-bromo
analogue of 4 in good yields.[16] Having confirmed the a-
iodide 4 as the primary intermediate, two possible pathways
to form the amide product 7 were considered; one pathway
being where an oxygen molecule first reacts with 4 before the
amine component, and in the other pathway the amine reacts
with 4 first. Thus, the relative reactivities of the amine and
oxygen components were investigated through a set of control
experiments (Scheme 4). Here, we found the a-iodide 4
reacted readily with O2 within 15–20 min, giving good yields
of the oxidized products 5 or 7 (cf. Eq. (8) and (9)). In the
absence of O2, the amine reacts with 4 relatively slowly and
inefficiently over 3 h (cf. Eq. (10)). These results support the
Scheme 2. Oxidative peptide formation using I2/O2.
Figure 2. ORTEP X-ray crystal structure of 1:1 NIS·allylamine (15) with
ellipsoids set at 30% probability level.
Scheme 3. Formation and oxidative amidation of a-iodo nitroalkane 4.
Scheme 4. Control experiments to discern relative reactivity of 4 to O2
and amine components.
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initial reaction of O2 with 4, as opposed to the a-iodide 4 first
reacting with the amine component.[17]
Collectively, our findings are consistent with the reaction
sequence as illustrated in Figure 3. We thus propose an aci-
nitronate anion, once formed under the basic conditions from
the primary nitroalkane 1, will first become a-iodinated with
NIS from the halogen bonded amine complex 15 or I2, to
afford the mono-iodide 4. From this intermediate onwards,
several addition-elimination pathways, under either radical or
ionic reaction modes, can be proposed to afford the amide
product 7.[5–7]Among such possibilities, we currently favor the
formation of a peroxy radical[18] 17, which can cyclize and
expel a mono-iodine or nitrite radical to form a reactive
dioxirane intermediate (cf. Eq. (3)).[12] Further mechanistic
evidence is being actively pursued in our group to provide
a more complete and consistent picture of this non-trivial
oxidative process.[17,19]
In closing, several synthetic virtues of this oxidative
amidation method are noteworthy (Schemes 1, 2, and 3). The
method is straightforward in operation, chemoselective in
functional group tolerance, and stereochemically robust to
potentially epimerizable substrates and products. Impor-
tantly, a whole range of primary nitroalkane starting materials
for our reaction method can be readily prepared in chiral
form through a plethora of asymmetric methods.[9, 10,14,15]
Further improvements and extension of the mechanistic
rationales presented herein to construct more challenging
amide bonds are ongoing in our laboratories.[17, 19] The
implications of amine-complexed, halogen bonded, electro-
philic iodine species to our understanding of amine-based,
asymmetric catalytic events will be published in due
course.[20,21]
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Figure 3. Proposed oxidative conversion of nitroalkanes 1 into amide
products 7 by a-iodinated intermediates 4.
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Mechanism of Oxidative Amidation of Nitroalkanes with Oxygen
and Amine Nucleophiles by Using Electrophilic Iodine
Jing Li,[a] Martin J. Lear,[b] Eunsang Kwon,[c] and Yujiro Hayashi*[a]
Abstract: Recently, we developed a direct method to oxi-
datively convert primary nitroalkanes into amides that en-
tailed mixing an iodonium source with an amine, base,
and oxygen. Herein, we systematically investigated the
mechanism and likely intermediates of such methods. We
conclude that an amine–iodonium complex first forms
through N¢halogen bonding. This complex reacts with
aci-nitronates to give both a-iodo- and a,a-diiodonitroal-
kanes, which can act as alternative sources of electrophilic
iodine and also generate an extra equimolar amount of I+
under O2. In particular, evidence supports a,a-diiodoni-
troalkane intermediates reacting with molecular oxygen to
form a peroxy adduct; alternatively, these tetrahedral in-
termediates rearrange anaerobically to form a cleavable
nitrite ester. In either case, activated esters are proposed
to form that eventually reacts with nucleophilic amines in
a traditional fashion.
The structural and functional importance of the amide bond to
natural products and bioactive small molecules is clear.[1] Yet,
the efficient synthesis of amides and peptides with simple re-
agents is still a challenge.[2] Several alternative oxidative and
decarboxylative methods to form amides and peptides have
been developed over the last decade.[3] Related interest has
also been in the use of iodine-based reagents to promote or
catalyze C¢N amine bond formations.[4] In 2010, a major ad-
vancement in oxidative amidation was disclosed by the John-
ston group with the use of N-iodosuccinimide (NIS) and is
termed umpolung amide synthesis (UmAS).[5] The method cen-
ters on a-bromo-substituted nitroalkanes 1’ reacting with elec-
trophilic N-iodoamines 2’ (in situ generated with NIS) to form
reactive tetrahedral a-amino-a-bromonitroalkanes 3’ (Figure 1).
Later mechanistic studies supported such tetrahedral inter-
mediates 3’ coupling with molecular oxygen in a homogenic
manner to eventually form the amide products 4 (Figure 1a).[6]
Through a systematic study of our recently developed oxida-
tive amidation procedure on unsubstituted nitroalkanes 1,[7]
we now provide evidence that the tetrahedral intermediates
are more likely a,a-dihalogenated nitroalkanes derived from a-
halonitroalkanes like 1’ or 3 (Figure 1b). Under our reaction
conditions, we propose that there is no umpolung of reactivity
in the amine component and an extra equivalent of iodonium
source is generated in the process.
Thus, having discovered[8] and developed[9] a Nef conversion
of nitroalkenes and nitroalkanes into their carbonyl counter-
parts under base and oxygen, we recently extended our mech-
anistic understanding of such oxidative conversions into an
atom-economical and direct amidation of primary nitroalkanes
1 by mixing in I2 or NIS with amines (Figure 1b).
[7] During
these amidation studies, we could not confirm the intermedia-
cy of N-iodoamines 2’ or early-stage a-aminonitroalkanes 3’
derived from 1 as anticipated from UmAS rationales (Fig-
ure 1a).[5a,b, 6] Instead, we isolated a halogen bonded amine–NIS
complex 2, which was shown to form the a-iodonitroalkane 3
(Figure 1b) through its anion, and realized data that put the
mechanistic basis of UmAS into question (vide infra). We thus
began to discern each step and intermediate of these clearly
interrelated schemes in a systematic and precise fashion
(Scheme 1).
In particular, we noted the anaerobic reaction of monoio-
dide 3 with allylamine and K2CO3 not only produced the amide
4 (18%), but also a significant amount (40%) of the deiodinat-
ed nitroalkane 1 (Scheme 1a).[7] Without the amine under O2,
carboxylic acid 5 was generated from 3 (Scheme 1b). These re-
sults led to the idea that the monoiodide 3 could act as
a source of electrophilic iodine for a-carbanions, as opposed
to reacting with amines to generate N-haloamines (2’).[6] This
would logically produce a hitherto unobserved diiodide inter-
Figure 1. Oxidative approaches to umpolung amide synthesis (UmAS).[5–7]
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mediate (vide infra) and the isolated deiodinated compound 1.
We thus decided to react the starting nitroalkane 1 directly
with the NIS–amine complex 2 under Ar (Scheme 1c). Notably,
about 25% of the starting nitroalkane 1, 50% of the a-iodoni-
troalkane 3, and 25% of the amide product 4 were produced
under Ar with one equivalent of the 1:1 NIS–amine complex 2.
This means that a 25% yield of amide 4 required 50% of the
iodinating reagent 2 under anaerobic conditions (cf. Scheme-
s 1a and 1c).
Suspecting the need for iodine transfer by 3, we studied the
reactivity of the pure anion of 3 with one equivalent of the
NIS–amine complex 2 under O2 and under Ar (Scheme 2). The
aerobic conditions produced the amide 4 in moderate yields in
20 min when conducted at 0 8C (Scheme 2a). Markedly, the po-
tassium salt of 3 rapidly produced the diiodide 6 at ¢30 8C
with the NIS–amine complex 2 when the reaction was stopped
within 1 min (Scheme 2b). Longer reaction times or higher
temperatures produced the expected amide 4, and diiodide 6
was not observed. Although the anion of 3 transformed into
amide 4 with NIS–amine complex 2 under O2 (Scheme 2a), 3
readily oxidized with O2 to carboxylic acid 5 in the absence of
amine and iodonium sources (cf. Scheme 1b). In such cases,
we observed I2 being generated and, among other possibilities,
these control experiments (cf. Schemes 1 and 2) reinforced the
idea that the amide 4 and carboxylic acid 5 can be derived
from the corresponding a,a-diiodonitroalkane 6, which is gen-
erated by sequential bis-iodination of 1 via intermediate 3.
Considering such types of dihalogenated species 6 as reac-
tive tetrahedral intermediates to the amide 4, as alternatives to
a-amino-a-bromonitroalkanes 3’,[6] we prepared and compared
the reactivity of dihalonitroalkanes 6 (X1, X2=Cl, Br, and/or I)
under both Ar and O2 (Table 1; see the Supporting Information
for X-ray of bromo/iodo 6). The experiments clearly showed
that the amide 4 formed directly from the dihalide intermedi-
ate 6, whereby higher reactivity and yield resulted with the in-
troduction of at least one iodine substituent. Exceptional reac-
tivity, within 20–60 min, was observed with the unstable diio-
dide 6 (X1, X2= I), which likely accounted for our difficulty in
observing 6 during our initial amidation studies, unlike the di-
choride.[7]
In combination with Scheme 2, the results in Table 1 are
consistent with the consecutive bis-iodination of the starting
nitroalkane 1 and then monoiodide 3 through their respective
aci-nitronates. However, at this juncture, it was still not clear
whether the anion of 3 first reacted with oxygen, for example,
either directly or through SET and radical coupling (Scheme 3a)
or with an iodonium source, for example, with I2, NIS or the
halogen bonded NIS–complex 2 (Scheme 3b). We thus consid-
Table 1. Direct amidation of dihalogenated nitroalkanes 6.[a]
Entry X1 X2 Yield under Ar [%][b] Yield under O2 [%]
[c]
1 Cl Cl trace <5
2 Cl Br 35 20
3 Cl I 48 72
4[d] Br Br 10 31
5 Br I 55 70
6[e] I I 50 60
[a] Unless noted otherwise, all reactions were conducted with dihalogen-
ated nitroalkanes 6 (0.1 mmol), allyl amine (0.15 mmol), and K2CO3
(0.15 mmol) at 0 8C in CH3CN (1 mL) under O2 or Ar (1 atm); isolated
yields are given. [b] Reactions under Ar were conducted over 48 h, except
entry 6, which was over 1 h. [c] Reactions under O2 were conducted over
24 h, except entry 6, which was over 20 min. [d] Reaction conducted at
room temperature. [e] Diiodide of 6 was unstable and used immediately
after preparation.
Scheme 1. Control amidation study of protonated nitroalkanes 1 and 3.
Scheme 2. Control amidation study of the pure anion of 3.
Scheme 3. Pathway selection and reactivity of anion of 3 with O2 and NIS.
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ered two pathways for the formation of amide 4 from monoio-
dide 3 and performed another set of control experiments with
the potassium salt of 3 (Schemes 3c and 3d).
First, with or without amine being present, the experiments
clearly demonstrated that, in the absence of an iodonium
source, molecular oxygen does not react with the aci-nitronate
intermediate of 3 at all (Scheme 3c). Thus, SET transfer mecha-
nisms or immediate anionic attack onto O2 to afford radical
[10]
or anionic[9] oxygen adducts directly from 3 do not operate. It
is more likely the case of molecular oxygen reacting with the
diiodinated nitroalkane 6, as first evidenced during the experi-
ments shown in Scheme 2. Second, in the presence of
20 mol% of NIS and absence of amine, carboxylic acid 5 was
isolated in a yield of 40% after aqueous work-up (Scheme 3d).
Here, we suggest the diiodide intermediate 6 can regenerate
an extra equivalent of the iodonium source (vide infra).
Such suggestions have clear experimental precedence in
a recent UmAS study.[6] The difference herein is that we pro-
pose tetrahedral a-iodo-a-halonitroalkane 6 instead of a-
amino-a-halonitroalkane 3’ as the key intermediate that reacts
with oxygen. Further evidence presented in the UmAS-labeling
study[6] also showed that the residual H2
18O and N18O2-labeled
a-halonitroalkanes 3 do not result in significantly 18O-enriched
amides 4 under 16O2. Thus, having the dioxygen directly react-
ing with the anion of 3, two UmAS-like pathways to form the
amide 4 were reasoned to occur by the tetrahedral a,a-diiodo-
nitroalkane 6, and not by its a-amino-a-bromo counterpart
3’[6] (Scheme 4). Both radical and ionic modes were considered
feasible, and the generation of N-nitrosoamines 9 (Nu=
amine)[11] was also deemed possible as products from previous-
ly related[5b] diiodo nitrites 7, the rearranged adducts of 6
(Scheme 4a). The fate of the nitro group was thus uncertain
under anaerobic and aerobic conditions, for example, to form
either nitrate or nitrite salts from the congested peroxynitroal-
kane 8 (Scheme 4b), and a further set of control experiments
were performed to discern such fates (Schemes 4c and 4d).
Specifically, we measured the resultant concentration of ni-
trate/nitrite salts and the level of 18O incorporation by convert-
ing 1 into 4 under 18O2.
[9]
In the event, piperidine was chosen as a less volatile amine
reactant than allylamine, which allowed for the anticipated
and known N-nitrosoamine 10[11] to be isolated reliably
(Scheme 4c). Under Ar, 10 was isolated in 25% yield. Under O2,
10 was isolated in 11% yield. The formed nitrosyl iodide 9
(Nu= I) would be expected to also convert to I2 and NO gas.
[12]
The fact that N-nitrosoamines were isolated supports the exis-
tence of nitrite intermediates 7 under the UmAS reaction con-
ditions. Next, isotope labelling experiments with allylamine as
the nucleophile revealed an 87% of 18O incorporation in the
amide product 4, which was isolated in a chemical yield of
55% under 18O2 (Scheme 4d). The resultant nitro-derived salt
ratios were calculated to be 36% nitrite (NO2
¢) and 4–6% ni-
trate (NO3
¢) under O2, whereas 3% NO2
¢ and 1–2% NO3
¢ were
detected under anaerobic conditions (see the Supporting Infor-
mation). Although the data supports the nitro–nitrite rear-
rangement (6 to 7; Scheme 4a) as the predominant fate of the
nitro functionality of 1 under anaerobic conditions, it also sug-
gests that both pathways can occur concomitantly under aero-
bic conditions. Presumably, the proximity and local concentra-
tion of solvated O2 gas to diiodide 6 will be a factor in path-
way selection, and NO2/3 salt counts were found to be low due
to N-nitrosoamine formation and loss of NO gas (and I2)
through species like I¢N=O.[12]
Next, we performed radical clock experiments
(Scheme 5).[9, 13] Thus, the pure cis-cyclopropanes 11 and 12
were prepared and reacted with the allylamine under our oxi-
dative conditions. Starting from cis-11, a 1.3:1 cis/trans ratio of
12 was generated in 60% yield (Scheme 5a). In order to ex-
clude epimerization occurring after amide formation, the puri-
fied cis-cyclopropyl amide 12 was similarly treated with NIS,
K2CO3 and O2. This gave complete recovery of the cis-cyclo-
propyl amide, even after 12 h (Scheme 5b). These results sup-
port the existence of a cyclopropylcarbinyl radical being gener-
ated and undergoing ring opening/closure.
Lastly, the regeneration and intermediacy of putative iodoni-
um sources need to be considered under our reaction condi-
tions (Figure 2). In other words, presuming that diiodide 6 is
the key intermediate, the oxidative amidation of the mono-io-
donitroalkane 3 (in the absence of additional NIS or I2) is ex-
pected to occur by an initial iodine transfer to its anion to
afford the diiodide 6 and eventually regenerate an equivalent
Scheme 4. Nitroso-trapping and 18O2-labelling studies of 1.
Scheme 5. Radical clock control experiments of pure cis-11 and cis-12.
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amount of the iodinating agent. Furthermore, despite observ-
ing the iodo precursor 3 being oxidized to carboxylic acid 5
with oxygen under basic conditions (cf. Scheme 1b), oxygen
does not react with the anion of 3 first (cf. Scheme 3c), but
more likely O2 reacts with the diiodide 6 after it forms through
iodine transfer of 3 to its nitronate anion (cf. Scheme 2b and
Table 1). Moreover, the oxidative amidation of the nitroalkane
starting material 1 only requires one equivalent of NIS in the
presence of O2.
[7] In accordance with the latest UmAS report,[6]
we similarly suggest an extra equivalent of I2, I¢N=O[12] and/or
I¢ONO species is generated under the reaction conditions
(Figure 2). These iodonium species can thus react under either
radical or ionic reaction modes and allow the amide oxidation
state of 4 to be achieved from monoiodide 3.
Collectively, our findings are consistent with the mechanism
illustrated in Figure 3. We thus propose the primary nitroalkane
1 first becomes a-iodinated with NIS from the halogen-
bonded amine complex 2 to afford the monoiodide 3 (Fig-
ure 3a). After further deprotonation, the a-iodo aci-nitronate
becomes a-iodinated with another iodonium species (I+) to
afford the diiodide 6. We propose it is this congested, tetrahe-
dral diiodinated nitroalkane 6 that can either rearrange in a ho-
mogenic, anaerobic manner to form the nitrite ester 7 (Fig-
ure 3b) or react with the molecular oxygen to afford peroxy
radical adduct 8 (Figure 3c). From these intermediates on-
wards, several additive–eliminative pathways, under either rad-
ical or ionic reaction modes, can be proposed to afford the
amide product 4.[9–11] On the basis of prior studies, one sugges-
tion for such latter stage is that the peroxy radical 8 cyclizes
and expels either a mono-iodine or nitrite radical to form a re-
active dioxirane intermediate, which can react with the anion
of 3 (Figure 3).[9] The peroxy radical 8 could also couple with
a nearby radical derived from 6 to form homo- or heterodim-
ers.[14] In either case, the dioxygenated intermediates would
fragment to the acylating species 13. Besides other possibili-
ties,[10] the exact mechanistic details of such latter amine addi-
tion stages (through 7/8 and 13) remains to be supported by
further studies. However, we do provide indirect evidence for
the anaerobic formation of the nitrite ester 7 by isolation of
the N-nitrosoamine 10.
In conclusion, our mechanistic rationales, as depicted in
Figure 2 and Figure 3, are consistent with all of the reported
data and observations that have been obtained during previ-
ously published umpolung amide synthesis (UmAS) studies[5, 6]
and our recent work.[7] Critically, the key differences in our con-
clusions include: 1) the intermediacy of a reactive tetrahedral
dihalogenated species like 6, and not a-amino halonitroalkane
3’; 2) the halogen bonding of NIS with amines to form iodoni-
um complexes like 2, and not electrophilic N-iodoamine 2’;
and 3) the late-stage nucleophilic addition of amines to oxy-
genated intermediates like 7 or 8, or a subsequently derived
traditional acyl precursor 13, to give the amide products 4.
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Sterically Demanding Oxidative Amidation of a-Substituted
Malononitriles with Amines Using O2
Jing Li, Martin J. Lear,* and Yujiro Hayashi*
Abstract: An efficient amidation method between readily
available 1,1-dicyanoalkanes and either chiral or nonchiral
amines was realized simply with molecular oxygen and
a carbonate base. This oxidative protocol can be applied to
both sterically and electronically challenging substrates in
a highly chemoselective, practical, and rapid manner. The use
of cyclopropyl and thioether substrates support the radical
formation of a-peroxy malononitrile species, which can cyclize
to dioxiranes that can monooxygenate malononitrile a-car-
banions to afford activated acyl cyanides capable of reacting
with amine nucleophiles.
Reaching high levels of cost economy and atom efficiency
for an organic reaction is particularly challenging when faced
with highly functionalized substrates and energetically
demanding bond formations. This goal translates into finding
simple reagent systems as well as practical reaction conditions
and work-up procedures, so as to produce very little reagent-
based byproducts and reaction-based side-products. There is
thus a continual need to develop highly chemoselective
methods with low-molecular-weight reagents to minimize
side-reactions and thus the molecular wastes derived from
both the reagents and the reactants. The efficient and rapid
formation of amides and peptides falls into such a challenge.
Indeed, although the amide bond plays a pivotal role in
organic, biological, and materials chemistry,[1] it still presents
a great synthetic challenge when confronted with sterically or
electronically demanding substrates.[2] Seminal synthetic
methods to making such challenging or complex amides
have been reported by the groups of Bode, Rawal, Danishef-
sky, and Schafmeister.[3]
Adding to such challenges is a drive to develop new ways
to make amide bonds by activating nontraditional substrates
oxidatively, as represented by the methods from the groups of
Milstein, Rovis, Johnston, Bode, Lei, and Garg, as well as
ours.[4, 5] Stemming from recent mechanistic insights[5c,d] into
the umpolung amide synthesis (UmAS) method of Johnston
and co-workers,[4c] we now present our oxidative advance-
ment of the masked acyl cyanide (MAC) method to make
amides, which was introduced by Yamamoto and co-work-
ers[6] in 1990 and elegantly exploited in 2013 by the group of
Rawal.[3c] Specifically, we disclose the direct, oxygen-based
conversion of 1,1-dicyanoalkanes to make hindered amides
and peptides in high yield and stereochemical integrity. This
mild, yet powerful method simply entails stirring a-substi-
tuted malononitriles with chiral or nonchiral amines in
acetonitrile under O2 with a carbonate base.
The stimulus for this work began during our discovery and
development of the base-promoted Nef oxidation of nitro-
alkenes or nitroalkanes to form their ketones with oxygen
(Figure 1a).[5a,b] During the further development of a direct
halogenative method to form amides under aerobic condi-
tions,[5c] we isolated a,a-diiodinated nitroalkanes (Figure 1b)
and recognized the mechanistic need to make intermediates
that bear two electron-stabilizing groups, X and Y (Fig-
ure 1c).[5d] These substituents can thus not only stabilize
transient radicals and anions, but also act as one- or two-
electron leaving groups. We thus proposed to explore an
oxidative amidation sequence via putative dioxirane inter-
mediates, which can act as sources of electrophilic mono-
oxygen and transform into reactive acyl derivatives to form
amide bonds in a new powerful way.
First, we explored NO2,
[7] CN,[8] SO2R,
[9] and PO(OR)2
[10]
as suitable X/Y groups for the proposed oxidative amidation
sequence (Figure 1c). These studies are summarized in
Table 1. Under our recently established oxidative condi-
tions,[5c] reactions of either a-sulfonyl- or a-chloro-substituted
nitroalkanes 1 with allylamine (2) did not produce the amide
product 3 at all (entries 1 and 2). Suspecting the need for
Figure 1. Mechanistic rationales for oxidative amidation.
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alternative electron-withdrawing groups to facilitate single-
electron transfer (SET) mechanisms with O2,
[5b] we prepared
and explored various a-substituted nitrile derivatives (1, X=
CN). To our delight, when the 1,1-dicyanide 1 (X, Y=CN)
was exposed to the amine 2 in the presence of K2CO3 under
O2, the desired amide was generated in 96% chemical yield
within 3.5 hours at room temperature (entry 3). Further
studies revealed the cooperative nature of CN and SO2Ph
groups in 1, which gave a 70% yield of 3, albeit over three
days (entry 4). Otherwise, only trace amounts of the amide 3
were observed (entries 5–7).
With appropriate functionality and initial reaction con-
ditions in place for the 1,1-dicyanide 1 (X, Y=CN), the scope
of the oxidative amidation method was first investigated by
changing the amine component (Scheme 1). Common func-
tional groups, such as allyl, propargyl and benzyl amines,
displayed high reactivity to amide formation (3, 4a/b). The
unprotected hydroxy amine generated the corresponding
amide 4c chemoselectively in 87% yield and the electron-
deficient 2-aminoacetonitrile gave the desired amide in 96%
yield (4d). Amines with increasing steric hindrance, including
tert-butylamine, cyclohexylamine, pyrrolidine, N-methylben-
zylamine, diethylamine, and morpholine, all gave the desired
amides in greater than 80% yield (4e–j). The reaction
conditions were also found suitable for Weinreb amide
formation (4k). Notably, coupling of 1 with amino-acid
methyl esters or an amine-free dipeptide generated the
corresponding amides and peptides in 70–84% yields upon
isolation (4 l–p) without epimerization. Also, 2-propylmalo-
nonitrile reacts with allylamine to give the desired amide 4q
in 90% yield.
Next, our aim was to apply this oxidative method to more
challenging amides (see Table S2 in Supporting Information
for optimization studies). In short, we studied the a-tert-butyl
malononitrile 5 (R1= tBu) and N-methylbenzylamine for
optimization to the sterically hindered amide 6a, whereby
Cs2CO3 was demonstrated to be superior, at elevated temper-
atures, to bases like K2CO3, KOAc, and K3PO4, as well as to
stronger bases like KOtBu and CsOH (Scheme 2; Condi-
tions A or B). To prevent carboxylic acid formation, presum-
ably derived by 5 reacting with residual water, strictly
anhydrous conditions were adopted and predried 4 è molec-
ular sieves and Cs2CO3 with two equivalents of amine gave
the amide 6a reliably in 71% yield. We thus explored the
scope of these simple oxidative conditions for making other
challenging amide and peptide systems (Scheme 2). Besides
the notable formation of the congested aromatic amide 7c
with allylamine, the formation of the amides 6–10 proceeded
in good yield at 50 8C, despite both sides of the amide bond
being fully substituted (Conditions A). Furthermore, chiral
amino-acid methyl esters and amides could be coupled with
sterically hindered malononitriles in acceptable yields and
reaction times at 70 8C (Conditions B) with complete stereo-
chemical integrity in the amine component (see the Support-
ing Information).
On the basis of our previous mechanistic studies into
making ketones[5b] and amides[5c,d] from nitroalkanes, one
plausible pathway for the oxidative amidation of malononi-
triles with amines is proposed in Figure 2. Thus, the a-
substituted malononitrile first deprotonates to generate the
anion 11, which is then capable of SET and addition with
molecular oxygen, either directly or indirectly. If a radical pair
is produced, they would couple to form the peroxide adduct
13.[5, 11] In either case, 13 can cyclize and expel cyanide anion
to form the reactive dioxirane intermediate 14 (see the
Table 1: Screening of functionality for oxidative amide formation.[a]
Entry X Y t [h] Yield [%][b]
1 NO2 SO2Ph 12 <5
2 NO2 Cl 12 <5
3 CN CN 3.5 96
4 CN SO2Ph 90 70
5 CN PO(OEt)2 60 <5
6 CN COOMe 60 <5
7 CN OTs 24 <5
[a] Reactions were conducted with 1 (0.2 mmol), the allyl amine 2
(0.4 mmol), and K2CO3 (0.4 mmol) at room temperature under O2
(1 atm). [b] Yield of the isolated product. Ts=4-toluenesulfonyl.
Scheme 1. Oxidative amidation of unhindered a-alkylated malononi-
triles. TBS= tert-butyldimethylsilyl.
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Supporting Information for an alternative O2 addition path-
way to eliminate cyanate anions via a four-membered adduct
through 12 or 13). In turn, electrophilic mono-oxygen transfer
from 14 to another 1,1-dicyano carbanion (11) produces
a bis(tetrahedral) adduct 15 which can fragment into two
acylating species (16) capable of being intercepted by the
amine nucleophile. It is conceivable that the initial steps
between the intermediates 11/12 can be considered to be
reversible. A selection of control reactions were carried out to
evaluate this mechanistic proposal (also see the Supporting
Information).
The role of O2 was considered first [Eq. (1)]. When 1 (X,
Y=CN) was mixed with allyl amine in the presence of K2CO3
under argon, the amide 3 was not formed and 1 was recovered
completely. This outcome is in stark contrast to when the
reaction was conducted under O2 (Scheme 1; 96% yield of 3).
Next, the reaction of molecular oxygen with 11 was consid-
ered. Based on our Nef study to make ketones from
secondary nitroalkanes,[5b] and related reports for ketone
formation from monocyanide compounds using O2,
[11] pro-
cesses involving SET were deemed feasible (Figure 2). Thus
to determine the existence of a radical species like 12, we
prepared the a-cyclopropyl malononitrile cis-18 as its pure cis
isomer for suitable radical clock experiments.[12] Exposure of
the preformed potassium salt of cis-18 to O2 for 10 minutes
gave a 1:3 cis-18/trans-18 mixture in 90% yield [Eq. (2)].
Control experiments with added TEMPO (1.0 equiv) and
under strictly O2-free atmosphere gave near complete recov-
ery of cis-18 (around 90%). Moreover, when cis-18 was
exposed to the allylamine in the presence of K2CO3 under O2,
the cyclopropyl amide was isolated as a 1:3.5 cis-19/trans-19
mixture in 90% yield after 4 hours [Eq. (3)]. Further experi-
ments demonstrated a mixture of cis-18 and cis-19 to be
isomerically stable to the reaction conditions under argon
(see the Supporting Information). Collectively, these results
support the anion 11 reacting reversibly with O2 via SET to
form the radical 12, which can conceivably couple with
superoxide to form the peroxide adduct 13 as shown in
Figure 2.
The fate of the cyano groups was also considered. Thus,
the quantities of cyanide and cyanate anions were determined
by ion chromatography as produced from the reaction given
in the generation of 3 in Scheme 1. With respect to a total
Scheme 2. Oxidative amidation of sterically hindered a-alkylated malo-
nonitriles and steric N-capping of amino-acid esters/peptides.
M.S.=molecular sieves.
Figure 2. Proposed mechanism of amide formation via the acyl cya-
nide 16.
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theoretical yield of 2 equivalents, cyanate ions were detected
in low yield (7.6%), whereas cyanide ions were formed in
high yield (84.8%; see the Supporting Information). On the
basis of these results, we further suggest that 13 cyclizes to
form the dioxirane intermediate 14, thus releasing the first
equivalent of cyanide, after which the second equivalent of
cyanide would be generated after amine addition to the
proposed acyl cyanide 16 to give the amide product 17
(Figure 2).
Next, to support the electrophilic dioxirane intermediate
14, intramolecular thioether-trapping experiments were per-
formed in O2-saturated CH3CN, such that the reaction of the
anion 11 with molecular O2 would be independent of the
concentration of 11 [Eq. (4)].[5b] In the event, the d-ethyl-
sulfenyl b-benzyl malononitrile 20 was prepared and reacted
under dilute conditions at ¢20 8C. This reaction gave the
oxidized sulfinyl amide 22 reliably in 5% yield. The direct
oxidation of 20 or the sulfide product 21 by O2 was excluded
by additional control experiments at room temperature for
over 48 hours (see the Supporting Information).
In summary, we have presented a new powerful way to
construct challenging amide bonds between a-substituted
malononitriles and amines under O2. The oxidative amidation
proceeds under mild reaction conditions, is highly practical,
and simply employs cheap inorganic carbonate bases. Mech-
anistic studies support an initial SET pathway between the
anion 11 of the a-substituted malononitrile and O2 (via radical
12) to form the a-peroxide adduct 13 as a precursor to the
dioxirane 14, which generates acyl cyanide (16) via the
formation and fragmentation of bis(tetrahedral) adducts 15
(Figure 2). Notably, our method does not require the for-
mation of either congested pre-oxidized hydroxy malononi-
triles as masked acyl cyanides (MAC)[3c,d,6] or congested
halogenated nitroalkanes as precursors to activated
esters,[4c,5c,d] and therefore offers good substrate scope for
sterically hindered systems. It is thus reasoned that the SET
induced addition of O2 to 11 proceeds in a relatively
unencumbered way to generate the acyl cyanide 16, which is
known to react readily with amines (or alcohols) in a mild
manner.[13] This process compares favorably to either making
and reacting acid chlorides with metal cyanides or by
activating carboxylic acids with traditional reagents (e.g.
with phosphorocyanidates).[2,14] Lastly, we anticipate this
method to find wide synthetic use in difficult N-terminal
capping amidations and throughout the chemical scien-
ces.[1,2, 15]
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